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ABSTRACT

The external combustionof hydrogento reduce transonic drag has been

investigated. A control volume analysis is developedand indicates that

the specific impulse performanceof external burning is competitive with

other forms of airbreathing propulsion anddependson the fuel-air

ratio, freestream Hach number,and the severity of the base drag. A

method is presented for sizing fuel injectors for a desired fuel-air

ratio in the unconfined stream.

A two-dimensional Euler analysis is alsolpresented which indicates that

the total axial force generated by external burning dependson the total

amountof energy input and is independentof the transverse and

streamwise distribution of heat addition. Goodagreementbetweenthe

Euler and control volumeanalysis is demonstrated. Features of the

inviscid external burning flowfield are discussed. Host notably, a

strong compressionforms at the sonic line within the burning stream

which may induce separation of the plume and prevent realization of the (

full performance potential.



Anexperimental programwasconductedin a Xach1.26 free-Jet to

demonstratedragreductionon a simpleexpansionrampgeometry,and

verifyhydrogen-airstabilitylimitsat externalburningconditions.

Stablecombustionappearsfeasibleto Machnumbersof between1.4and2

dependingon thevehicleflighttrajectory.DragreductionIs

demonstratedon theexpansionrampatMach1.26,howeverforcelevels

showedllttledependenceon fuelpressureor altitudeincontrastto

controlvolumeanalysispredictions.Variousfacilityinterference

mechanismsandscalingissueswerestudiedandarediscussed.
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CHAPTER! - INTRODUCTION

Interest in "transatmospheric" or "aerospace"vehtcles has been revived in

the United States following almost two decades of relattve Inactivity.

Evolutionary advancesin "scramjet" propulsion, materials, and computer

modeling, along with current political support have set the stage for an

aggressive program (the National Aerospace-Planet or NASP)to develop a

revolutionaryaircraftcapable of flyinginto orbitfollowingtake-off

from a conventional runway. Readyaccess to space, and very high speed

earth transportation are two of the obvious benefits of this technology.

The single stage to orbit (SSTO)concept is very attractive due to its

operational simplicity, flexibility and its potential for reducing the

cost of putting payload into orbit. The technical challenges facing the

aerospacecomunity are numerous,manyof themrelated to the airbreathing

propulsion system required to achieve orbit in a .single stage. Liquid

hydrogen fuel is widely accepted as the fuel of choice for hypersonic

airbreathing propulsion due to it's high heat capacity for engine and

airframe cooling, and a heat of combustion more than twice that of

hydrocarbon fuels. Onedrawbackof hydrogen is its low molecular weight

Which results in a large cryogenic volumethat must be highly integrated

with the airframe and propulsion system. An artist's conception of an

SSTOvehicle appears in figure 1-] which illustrates the highly integrated

nature of the design. The entlre aft endof the vehicle acts as a single

expansionrampnozzle, providing a very htgh area ratio which is exploited

at the high nozzle pressure ratios associated with high Hachnumberand
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altitude.Thislargeaft-facingareabecomesagreatliabilityhoweverat

transonicandIowsupersonicspeedswherelowairbreathlngenginepressure

ratiosresultIna highlyoverexpandednozzle.Sincethenozzleexitarea

is largelyfixedat the vehiclecross-sectlonalarea,the mmountof

variablegeometrythat can be employedIs • smallfractionof that

requiredto keepthenozzle"on-deslgn"overthisspeedrange.

_inqle-Staqe_0 OrbitAirbreathinqNgzzleOperation

A qualitativediscussionof nozzledesignandoperationfollowswhich

illustratesoverexpandedoperationandtheapplicationofexternalburning

, to an SSTOnozzle geometry. At hypersonic speeds, with the engine

_ operating as a supersoniccombustionramjet or "scra_et', the combustor

exit (nozzle. inlet) Machnumberis supersonicand one could envisibn a

minimumlength shock-free design with expansionto freestream ambient

pressureat a given design point. Theresulting hypothetical destgnand

associatedflowfieldappearschematicallyin figure1-2a. Notethatthe

cow1andshear layer of the single expansionrampnozzle can be thoughtof

as the symmetryplane of a symmetrictwo-dimensionalnozzle. The nozzle

isperfectlyexpandedandthelimitingcharacteristicintheexhaustflow

emanatingfromthe trailingedgeof the cow1intersectsthe expansion

surfaceat thetrailingedge. At thlspoint,the nozzleis performing
(

optimally,and the freestreamMachnumberhas littleeffecton nozzle

performance.In figurel-Ib,thenozzlepressureratioandfreestream

Machnumberhavebeenreducedto a pointrepresentativeof a transonic

!
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flightcondition wherethe engineoperatesas a ramjetwith a choked

throat. The portionof the nozzleenclosedby the cowl (referredto as

the internal nozzle) has a significant area ratio and at low nozzle

pressure ratios is itself overexpandedto less than freestream pressure.

Uponleaving the internal nozzle, the exhaust stream adjusts to the local

base pressure through the familtar "shock diamond" wave structure. The

local base pressure to which the exhaust flow eventually equalizes, ts

lower than freestream due to the fact that the exhaust stream "ftlls" only

a smallpart of the largenozzleexit area. Nozzledrag resultsfrom

overexpansionin the internalnozzle,andthe exhauststream'ssubsequent

inabilityto fully recompressto freestreampressuredue to the low

overallvehiclebasepressure.Thetransonicnozzledragproblemcanthus

be thoughtof as similarto anyotherbasedragproblem,beingcomplicated

by the fact that the effectivebase pressurewill be a functionof the

exhauststream'sabilityto fillthe base.

Applicationof ExternalBurninq

The nozzlepicturedin fig.I-2is a high Nach number,minimumlength

design employinga sharp expansionat the nozzle throat, witha resulting

geometric area ratio tn the tnternal nozzle. In the preceding discussion,

no attempt was made to yaw the geometry over the range of operating
{

conditions, although one could envision deflecting the trailtng edge of

the cowl upwardsas shownin figure 1-3 to prevent internal overexpansion

of the exhaust flow. Freestream pressure may be maintained in the
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tnternal nozzle, but would be offset by boattatl drag on the deflected

flap. With respect to the reduced pressure on the def]ected cowl

boattatl, the tnternal nozzle is underexpanded,so the propulsive stream

expandsto the local basepressure through • wavestructure. Ultimately,

the propulsive stream expandsto nearly the samecross-sectional •rea as

before with the cowl undeflected, so that the overall base pressure tn

this region is unchanged. The cowl flap deflection co_nceptct_can_anprevent

tnternal overexpanstonand_also reduce the strength of the external wave

structure, but results in no significant net drag reduction.

The def]ected cowl does however transfer the low pressure region which

existed on the inner expansion surface to the external flap, which makes

the use of external burning an attractive poss|biltty. Shownconceptua]ly

in figure 1-4, hydrogenwould be injected upstreamof the deflected cowl

and burn adjacent to the nozzle, pressurizing the entire base region

thereby eliminating cowl flap drag and the external overexpansionof the

exhaust flow.

The effect of external burning on • nozzle of this type at first seemsto

be complicated by detailed Interactions between the freestream, the

external burning plume, andthe exhaust f]ow. Thestrategy adoptedherein

ts to consider the def]ected f]ap and exhaust shear layer together as •

surface uponwhich external burning acts. Obviously, any pressurization

of the shear layer by external burning doesnot act directly on • vehicle

surface, but mustbe transmitted through the exhaust stream. This is seen

as a second-ordereffect though, with regard to the main objective of the
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present work which is to investigate the feasibility of using hydrogen

external burning to reduce transonic drag. If the concept is workable in

the preceeding simplified sense, extension to the actual atrbreathtng

propulsion systemseemsstraightforward.

Prevtou_ Work In ExternalBurnina

A review of the literature reveals that work related to this area falls

roughly into two categories, "base burning" and "external burning'.

Although both use external, or unconfinedcombustionto increase pressure

on a surface, important differences exist tn the mechanics of the

processes, and the analysis methodsused. Base burning ts characterized

by" direct fuel injection and combustion in the wake of a blunt based

aerodynamicbody (such as a projectile) to reducedrag. Therectrculattng

base flow acts as the flameholder, with fuel injection and combustion

modifying the base flow pattern in such a manneras to increase the base

pressure. The fuel mass addition itself can often account for a

significant part of the total drag reduction. The analysis of base

burning must include the complexviscous effects which dominate the base

flow phenomenaand as a result, integral theories have beenwtdely used.

The majority of work in base flow phenomenaincluding base injection and

burning is sununartzedbyHurthy, et al. 1which includes a bibliography with

over 350 references. In contrast to base burning where the surface to be

pressurized acts as a flameholder, the present application tends more

toward external burning in which heatts released in the tnvtscid portion
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of the flowfield adjacent to the surface on which the pressure is to be

increased. This processhas beenproposedto reduce drag, provide control

forces and even provtde pr|maw propulsion. By tt's very def|nftton,

external bur_ntng__ts_prtmartly an fnvfsctd__phenomena,and • numberof

theoretical approachesto solving flows with heat addttfon havebeen used

suchas the diabattcmthod of characteristics, 11nearJzed flow with heat

addition, and the "planar heater" where heat addition is confined to a

thin, constant area region. These techniques have been summar|zedby

BillJg z whopublished an unclassified, unlimited review of theoretical and

experimental external burning work donefrom 1945 to 1964. Highlights of

experimental work done during this period and subsequently are given in

the following paragraphs.

: In 1955, Davis3 et. al., at TexacoExperiment Inc. tested hydrogenexternal

burning on a small flat plate model with various fuel Injection and

flameholder configurations including oxygen piloting. The experiments

were conducted in a Mach 1.7, 1.62" diameter free-Jet at nominally

standard temperature andpressure. Encouragingresults were obtained, but

due to the large flameholders required to stabilize the hydrogen flame

(with respect to the tiny models), no conclusions on performancewere

drawn.

A series of external combustiontests it the NACALewis Fl|ght Propulsion

Laboratory (now The NASALewis ResearchCenter) was also initiated tn

1955. Fletcher 4, et. al. demonstrated stable combustion of aluminum

borohydrtde tn • small (3.84" by 10") supersonic wind tunnel at sub-
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ambtent pressure and temperature without the use of a flameholder from

Hach 1.5 to 4. The pyrophoric liquid fuel was injected from the 3.84"

wide tunnel ceiling. The effect of combustion on the tunnel ceiling

static pressure distribution was reported in reference 5 as "significant"

which promptedsubsequenttests of various aerodynamicshapes including

flat plates, a body of revolution, and a two-dimensional supersonic wing

in a ]' by ]' Mach2.46 tunnel6-a. These tests demonstrated levels of

performance commensuratewith theoretical predictions with combustion

having doubledthe L/D of the wing model, andnearly eliminating basedrag

on the body of revolution, but results were said to be subject to

"undetermined wind tunnel effects" which were thought to be wave

reflections from the tunnel walls. In order to assessthese interference

effects, the flat plate model tests were repeated tn the ]0' by 10'

supersonic tunnel at Lewis by Dorsch9 et. al. Results indicated that

significant interference occurred only on a long (25" chord) flat plate ,[
model, and muchof the data taken during the small tunnel tests was free

of interference.

Billtg z'l° conductednumerousexperiments at Hach5 on flat plate andwedge

modelsusing pyrophortc alumtnum-alkyl fuels Including work tn support of (

an external burning ramjet ProgramII. Stable combustion was attained

without flameholders at Hach 5, but performance tn terms of 1tit and

thrust was somewhatlower than predicted. A compositeplot tn reference

2 which shows results of many tests, indicates that external burning I

performanceis generally lower than that predicted by a constant pressure

analysis. Btlltg concludesthat the process ts reaction-rate limited and

[
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that lengths on the order of feet rather than inches would be required for

complete combustion.

The work of Townendand Reidlz, reported in 1964 was not included in

Btlltg's revtew•nd was clearly a baseburning test, but is relevent to

the present study since hydrogenfuel was used successfully to alleviate

base drag on •n •xtsymmetrtc cone-cyl|ndermdel •t • relatively low flach

number. The ]" diameter modelwasmountedtn the center of • 5.5" square

test section. Test conditions were Hach2.14, •t • static pressure of 2

atmospheres, and ambient total temperature. Twomethodsof fuel injection

;. were tried, direct b]eeding into the base, and peripheral injection

.. through a slot upstream of thebase. Hydrogencombustiontn the wake

increased the base pressure to slightly higher than ambient pressure in

either case. The similarity tn results of both injection methods

_. suggestedthat fuel issuing from the peripheral slot stmply burnedtnthe

. wake in the samemanneras fuel which wasbled tnto the wakedirectly. 30

and 22.5 degree cone-cylinder afterbodies were tested and resulted in

little difference from the blunt baseresults. Theobjective of this work

was to study the effects of stable combustionin the wakeor base burning,

the peripheral injection being used only to enhance mixing. This

configuration however bears • close resemblanceto an external burning

schemesuggested by Strahle13 four years later tn which fuel would be

tnjected transversely andburn tn the fnvisctd streamadjacent to the wake

supposedlyyteldtng muchhigher performance.

In ]g6B, Strahle noted that previous base burn|ng results were "somewhat
s



9

disappointing" being limtted to base pressures less than or equal to

freestream static pressure. He proposedusing external burning outside

but adjacent to the v|scouswaketo pressurize the dividing streamline and

thereby the base surface by communication through the elliptic

recfrculation zone. In effect, the wake was to act as an afterbody

pressurized by external burning. Hereasons that the pressure rise due to

external burning is not constrained to freestream pressure, and that

higher performancethan that of base burning alone would be possible. He

evaluated this concept analytically using an integral analysis for the

recirculating wakeflow, anda compositeapproachfor the external burning

heat addition region which combintned2-D planar ltnear theory and one-

dimensional flow. The conclusiondrawn from the analysis wasthat indeed,

there is no ltmit to the base pressure rise and the rise is monatontcin

combustionzone strength. Boundawlayer separation upstreamof the base,

and the breakdownof supersonic flow in the heat addition region were

mentioned as two possible limiting factors. The latter concern was

addressedin 1970by Strahle in reference ]4. He performs a moredetailed

analysis of the transonic external burning process on a flat plate using

2-D velocity potential formulation. The conclusion is that a positive

pressure coefficient can be maintained on the surface even after the

transition to subsonic flow. If the outer, supersonic flow breaks down

however, as may be the case if a transonic flow is turned through too

great an angle, he concludes that useful force generation cannot be

realized. Strahle's application of external burning to wake

pressurization served as the basis for several subsequentexternal burning

studies.

(
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]n the early 1970's, Fuhsis at the Naval PostgraduateSchoolextended

Strahle's analysisto axlsymetrlc,annularheatadditiongeometriesand

proposeda numberof mppllcatlonsforexternalburning.Onewasthatof

transonicdragreductiononan axlsymmetrlcplugnozzle.He proposedthe

additionof heaton thecowlboattallsurfaceto reducetheMachnumber,

ultimatelyresultingin subsonicflowdownstreamof the cow1trailing

edge. Dragreductionon theboattallis secondaryto a "wavetrapping"

effectwherewavesreflectedfromtheplugsurfacearenowreflectedback

as compressionsfromthesubsonicboundary.Largegainsinthrustatvery

modestfuelconsumptionaredemonstratedby an initialmnalysls.

A group of graduate students led by Fuhs16"wperformed projectile drag

reduction experiments based on Strahle's concept in a Hach2 free-jet. A

projectile basewasmountedconcentrically in the free-jet, and the nozzle

exit was contoured to generate compressionwaveswhich simulated external

burning. The location and strength of the simulated heat release was

varied using different nozzle geometries, to arrive at an optimum

configuration. Compressionwaves focused on the wake did produce the

expected increase in base pressure, but the practicality of forcing

combustionto occur at the desired location andwith the desired intensity

was not addressed.

Strahle, Hubbartt and Neale_'_ performed a series of experiments in a 6"

diameter, Kach 3 tunnel with a concentrically mounted 2.25" diameter

model. Following Fuhs, tests were run with simulated external burning in

which detailed wakemeasurementswere made. Basebleed and hydrogenbase
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burning with simulated external compressionwas then studied followed by

an attempt at hydrogen external burning using subsonic, radial fuel

injection Just upstream of the base. It was found that this external

burning configuration performed very stm|larly to base burn|ng where the

fuel was bled axtally into the wake. (t was concluded that extra Jet

penetration of the fuel was needed, and the or|ffces were re-drilled to

prov|de supersonic injection. Theextra Jet penetration however, rendered

stable combustion impossible. The projectile base rec|rculatfon zone

which hadbeen acting as the flameholder was no longer entraining fuel and

supporting a pilot flame. The Hach 3, 35000 ft. test conditions were

simply too severe to expect flameholding by the fuel Jet only. The strong

disturbance created by the supersonic injection also caused stgn|f|cant

Interference within the tunnel. These results exemplify the practical

difficulty associated with obtaining "true" external burning in the

tnvtsctd stream with non-wrophortc fuels such as hydrogen.

Schado_6"zaperformed a parallel ser_es of experiments combiningbase and

external burning in the late ]g70's on both two-dimensional and

axisymmetrtc base geometries at Hach2, sea level conditions ustng fuel-

rtch soltd rocket exhaust as fuel. $chadow'stests were run tn a free-

Jet, and were not susceptible to tunnel choking and wall tnterference

effects. ]n fact, Strahle tn reference 25 notes that wavesreflected from

5chadowsfree-Jet boundarywould lead to conservative results. 5chadow

achieved base pressures greater than freestream (base thrust) u|th 1

combinedbase and external burning, but as tn Strahle's tests, external

burn|ng alone did not perform to expectat|ons.

(
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In 1976,Cavallert_reports onan external burningrocket conceptin which

Strahle's wakepressurization schemeis usedto provtdepropulston_Tests

were run at Nach2 and2.5 over a rangeof altitudes with an 8" diameter

base tn a 37"diameter test section, whtch ts of significantly larger

scale than prevtoustests. Fuel-rich soltd rocket exhaustwas injected

radially upstreamof the base. NobaseInjection or baseburningvas used

tn conjunctionwith the external burning, yet enoughthrust to cruise a

low drag shapeat Mach2 wasobtained. Relatively cool basetemperatures

measuredduring the tests indicated that the heat addttion was truly tn

the form of external burningandnot baseburningof fuel entrained into

the wake. Heasurementsmadedownstreamof the Bodel indicated that a

subsonicplumecausedby external combustionpersisted for 14 radii

downstreamof the modelbase. This led to concernsthat wavereflections

and high pressure tn the factltty diffuser may have fed forward to

Influence base pressure. Directors° analyzes the data further and

concludesthat the results were not affected by factltty interference.

The bulk of past experimental external burning studies havebeenconducted

ustng wrophortc fuels with no additional flameholding required. Previous

hydrogen external burning studies include Baker's early work which

required large flameholders with respect to the tiny mode] scale, and

Strahle's work at Hach3 with no flameholders tn which successful external

burning was not achieved. Todate, external burning in the tnvtsc|d

flowfield has been approachedonly with pyrophortc fuels in Cavalleri's

external burning rocket experiment. It seemsthat true external burning
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tn the sense meantby Strahle in ]968 wtll always be elustve, especially

with a non-pyrophortc fuel suchas hydrogensince an undisturbed, tnvtscid

supersonic flow by definition has not been disrupted by the fueling

process, and contains no flameholdtng sites. The present study ts

intended to extend the hydrogen external burning knowledge base to

transonic conditions, represent•ttve of •stngle stage to orbit

atrbreathtng vehtcle trajectory. Somefeatures pecultar to this situation

are the need for a flameholder, and the subsonic condition of the plume

following external combustion which must be carefully considered in both

analysis and experiments.

Ob_ective_of CurrentWork

In the current concept, a flameho]der ts usedto sustain a piloting region

near the wall surface, from which combustioncan propagate into a fueled

stream of somewhatlarger proportion. Oneobjective of the present study

is thusto characterizetheflameholdlngrequirementsforhydrogenandair

at the transonic, sub-atmosphericpressure conditions of current interest,

and to define the flight envelope where external burning ts feasible.

Given that the hydrogen-air combustionprocess can be stabilized over an

• pproprtate range of fltght conditions, •nother objective is to evaluate

the performance of external burning on the simplified expansion ramp

geometw described earlier at transonic conditions.
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To satisfy these objectives, an analytical and experimental study was

undertaken. The control volume analysis described in chapter II was

performed to estimate the performance potential of hydrogen external

burning at the conditions of interest. The control volumeanalysis was

also used to stze fuel Injection orifices for the experimental program.

Results obtained were encouragingand the experimental programdescribed

tn chapter IV was initiated to characterize the flameholdtng requirements,

anddemonstrate drag reduction on the-simplified expansion rampgeometry,

while providing data for comparisonto the control volume results. In

chapter III, an Euler analysis is performed which verifies the control

volume results in two-dimensions, and provides further insight into the

external burning flowfield andsupersonic-subsonictransition. The Euler

analysis also proved useful in !nterpreting the experimental results.
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CHAPTER1! - CONTROLVOLUMEANALYSIS

Backaroun¢

The analysis of external burning tn a transonic flow can be a formidable

task, depending upon the level of detail required. Features of the

flowfield tnclude combustionof an unboundedstream of fuel and atr, and

the Interaction of this stream with the unburnedfreestream and thrust

surface. Thedetails of fuel injection, flameholdtng, mixing andreaction

ktnetics could also be cons|dered. To lay the groundwork for more

sophisticated multi-dimensional analysts and experimental programs tt ts

useful, if not cr|t|cal to perform a simple parametric study that includes

only the most dominant physical phenomena. The control volumeanalysts

described tn this sect|on Is a meansto this end. !t ts Intended to

reveal the Important parameters tn the external burn|ng process andassess

the practical|ty of the concept as a drag reduction device. Basedon the

conservation equations, it provides Insights Into overall performance

sensitivities while avoiding complexfuel Injection, mtxing andcombustion

modeling.

Before developing the control volume equations, a brief overv|ew of

analysts methodsused by prevtous authors ts gtven to provtde a rationale

for choosing the control volumemethod. Past analytical approachesto (

external burning can be divided into roughly three categor|es_

i



16

1) Twodimensional ltneartzed, or exact methodswhich are mentioned

here for completeness,but in general do not apply to the transonic

problem where heat addition causesa transition to subsonic flow.

Ptnke131et. al. developed a graphical approach for obtaining dtabattc

methodof characteristics solutions. Thts technique was then applted to

a supersonic wing under which heat was added to tncrease the lift/drag

ratio 3z. The methodnever seemedto catch on howeverdue to it's tedious

nature.

Tsien and Beilock35developedequations for the perturbations causedby a

line heat source in a compressible flow. These linear theory results _

could be superimposedandwere used w|dely by other authors. Schetz_'3s

for example used these results to model external burning adjacent to a

turbulent wake as a "f]ame sheet". A stmilar methodwas also usedby Fuhs

in reference 15 for a numberof different external burning examples.

2) Onedimensional methodswhich employequations derivable from

Shapiro's_tnfluence coefficients. Theyare generally put tn finite
T

difference form and solved by marching downstream while

incrementally adding heat. Whtle the equations are valtd for

subsonic flow, a singularity tn the equations extsts it flach one,

making the supersonic-subsonictransition difficult numerically. A

subsonic outflow would also require multtple fterations tn a J

downstreammarching approach.
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Vaughan37 studied the control force generated on a flat plate by Jet

Interaction and subsequentexternal burning of hydrogen. He limited the

heat release to avoid sonic conditions in the burned stream since if the

burned stream chokes, he concludesthat upstreamconditions must change

and the assumptionsused in deriving the mdel are violated.

Callens_et. al. used the one-dimensional equations to determine external

burning propulsion performance for a htgh Machupper stage. He further

assumesa constant pressure tn the burned stream whtch allowed a closed

form integration of the equations (makinghis methodstmilar to a control

volumeapproach). He states that a ltmft on the amountof heat that can

realistically be added is that the f]ow remain supersonic. Further

reasoning behind this restriction was not given.

3) Control volumemethodswhich tgnore the detai]ed Interactions

within the heat addition zone, generally requiring information only

at the control surfaces. No difficulty arises mathematically with

subsonic f]ow, but assumptionsregarding the outflow conditions must

be madecarefully, since any subsonic region ts e11tpttc in nature.

Thecontrol surfaces generally tnclude tnflow andoutflow boundaries

Joinedbytwo lateral control surfaces through which no flow passes.

One of the lateral boundaries ts the surface to be pressurized,

etther a solid surface or wake, the other ts the boundaw between

heated and unheated flow. All Injection, mtxtng, and combustion

occurs withtn the control volume. Often, the enttre control volume

is assumedto be at constantpressure eliminating pressure-area
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terms which canbe difficult to evaluate.

Martno59used • constant pressure control volume•pproach to calculate the

side force specific impulse of external burning on • flat pl•te for

control purposes. The minimumMachnumberconsidered was two, and since

the fuel considered had • heating value of ]8000 btu/lb, • subsonic exit

condition would probably not occur, andwas not discussed.

Harvey_°'41et. al. usedan annular control volumeformulation for external

burning adjacent to wake flow. In this study, the shapeof the control

volumewas basedon shadowgraphsof an external burning experiment andan

approximatemethodof characteristics technique for •xtsymmetric flow was

• used to calculate the pressure on the outer control surface basedon it's

angle with respect to the freestream.

In reference 2, Billig presents a two-dimensional constant pressure

control volume approach applicable to high Hach external burning

propulsion. He presents experimental data which support the constant

pressure assumption. Shock-expansiontheory was used to determine the

control volumepressure basedon the angle of the outer control surface.

Another methodused by manyauthors and summarizedin reference 2, is the

constant-area •pproach or planar heat addition model. An infinitely f•st

heat release rate is •ssumedsuchthat the heat release takes place in an

infinitely thin region and therefore at constant •re•. One-dimensional

relations then apply across the thin control volumeboundingthe heater.



]g

Normal or oblique heater planes can betreated tn combinationwith normal

and obltque shocksto build up the flowfteld.

Transonic freestream conditions combinedwith the htgh heat of combustion

of hydrogenwtll result tn subsontcflow. For thts reason, the control

volume methodwas chosen as being the most applicable for the present

study. Another mere subtle advantage ts that the outflow pressure tn the

elliptic region can be specified, where this would generally be Impossible

tn a one-dimensional marching technique, wtthout sometype of tterative

procedure. The present formulation differs from that of previous authors

tn that a constant pressure assumptionts not made. The present analysis

allows for the outflow pressure to equal the freestream static pressure,

yet does not prohibit pressure excursions within the control volumewhich

yield a net thrust or drag. This seemsto be an important consideration

since by tt's elliptic nature,.the subsonic plume extending past the

outflow plane is Influenced by the pressure downstreamwhich quickly

returns to freestream behind the vehtcle.

In the development to follow, only the axial or thrust force will be

considered. A beneficial normal force, proportional to the axial force ts

also generated which counteracts the high pressure forward of the vehtcle

center of gravity on the forebody (or tnlet compressionsurface). The

benefit of this normal force (whtch may be t numberof times larger than

the axial force) cannot be _haractertzed as eastly, but tt has the (

synergistic effect of reducing drag by reductng the vehicle wing loadtng,

and required pitching momenttrim. Thedetermination of the normal force

(
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is an obviousextension to the control volumeanalysis oncethe nozzle

chordal angiets specified, and tt mustbe consideredtn vehicle closure

studies, whencomparingexternal burning to other propulsion augmentation

options.

Development

A stmple planar expansionrampgeometry ts used to modelthe vehfcle base.

With some imagination, this can be thought of as a simplified

representation of the vehicle afterbody andnozzle systemwhere the nozzle

cowl flap and the main engine exhaust flow outer shear layer comprise a

solid surface uponwhich external burning acts, The angle of this control

surface and its' projected base area would be functions of the vehicle

afterbody and nozzle geometry as well as the matn engine nozzle pressure

ratio. ]mplicit tn this thinktn9 is that the engine exhaust stream

transmits the local pressure on the shear layer directly to the vehicle

afterbody.

An important tnittal step tn any control volumeanalysts ts the prudent

choice of problem boundaries. Goodchoices tnclude surfaces through which

massdoes not pass and surfaces throughwhichmasspassesat right angles.

All boundaries tn the subsequentdevelopment fall tnto one of these

categories. Figure 2-! depicts the control volumenomenclatureused. At

station zero a uniform stream of atr flows tnto the control volume at

freestream conditions. The stream ts fueled by injecting gaseoushydrogen
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normal to the freestream through a row of sonic orifices. This

specification of the injection mthod ts not essential to obtain tntttal

results, but ts tncluded so that fuel momentummaybe taken tnto account.

Conditions at the outflow plane or station two are also taken as uniform

with veloctty parallel to the freestream. The expansionrampor vehicle

base on which the changetn force will be evaluated comprises the upper

control surface. Completingthe control volumets the streamline bounding

the external burning plume, emanatingfrom a point at station zero above

which all of the fuel ts confined. ]ntegral forms of the continuity,

momentumand energy equations can nowbe applted to the control volumeand

with someadditional assumptionswtll result tn a systemof four equations

which can be solved for a choice of four dependentvariables.

Theapplicable formof the integral momentumequationfor steadyflow with

no bodyor viscousforces is as follows:

Equation 2-1 ts spltt tnto x and y components,and the Integrals are

evaluated for each control surface. Beginningwtth the x component,the

tnflow and outflow surfaces are easily evaluated with the assumptionof

uniform, parallel flow, andyteld the following terms:

inflow: -d_,uo - PoYo [2-2]
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outflow: u2+P,Y2 [2-S]

At the upperboundaryor wall surface, only • pressuretntegr•l exists and

ts written tn termsof the •xtal thrust coefficient defined msfollows:

The minus sign preceedtngthis equation ts required so that wall pressures

• bovefreestream static pressure result tn positive thrust (note th•t the

area increment vector ds points out of the contro] volume). Using this

definition, terms of the x-componentof the momentumequation for the wall

surface become:

wallsurface: -C,QoYb- PoYb [2-5]

On the bounding streamline or lower control surface, there is no momentum i

flux •nd linear theory is usedto evaluate the pressure tntegr•l. Simply

st•ted, the local pressure coefficient on the streamline is •ssumedto be

• function of the local deflection angle. Assumingsmall angles the

ltnear theory relation ts as fo]lows:
I
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Theminusslgnis requlredso thatdeflectlonsawayfro_the vehlcleaxis

resultinpositivevaluesof Cp. Itisfurtherassumedthatthe streamllne

returnsto the freestreamdirectionat station2 so that the outflowand

Inflowpressuresare equal. Undertheseassumptions,the x-componentof

the pressureintegralon the streamlinebecomes:

The secondtermin the Integrandcannotbe evaluatedunlessthe variation

of dy/dxalongthe streamlineis known. Thisterm,whichisthe pressure

incrementabove freestreamt|mesan area incrementInvolvesthe slope

squaredand alwaysactsto reducethe thrustcoefficient.Since1|nea_

theoryalreadyrestrictstheanalyslsto smalldeflectlonangles,itcould

be neglected which would be tantamountto assumingthat freestream

pressureacts on the streamlinecontrolsurface. A more conservative

approachIs to accountfor the termat leastapproximatelyby assum|nga

streamline shape. In practice, the shapewould dependon the axial heat

addition distribution which is beyondthe scopeof this stmple analysts.

The assumptionused herein ts that the slope is constant and equals the

total change in elevation of the streamline dtvidedbythe ramplength L.

l
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The first term in equation 2-7 involves the integral of the slope and ts

evaluated exactly as freestream pressure times the change in elevation

along the streamline. The resulting terms of the x-momentumequation on

the streamline are as follows:

streamline: Po(Yo+YJ_-Y2)- 2Q° (yb_y2.yo)2
z, [2-e]

Summingthe terms in 2-2, 2-3, 2-5, and2-8, the final x-momentumequation

becomes:

]- [,-,]c, = LY,)LL _,)t uo) V/'_L YbL-Y-_o)/

The second term is the streamline linear theory approximation and is

negligible for low deflection angles and thrust coefficients. Note that

this is where the effect of the rampangle appears. Fromthis equation it

can be seen that for thrust coefficients near zero (base drag eliminated)

the inflow and outflow velocities are nearly equal, only differing by a

factor involving the fuel-air ratio. The outflow temperature following

hydrogen-air combustioncan be almost an order of magnitudegreater than

the inflow, resulting in a factor of three increase tn the speedof sound.

The outflow will therefore be subsonic for the range of freestream Hach

numbersof interest here.
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Evaluating the y-componentof momentumon all control surfaces results in

equation 2-)0:

(f_I/)$ - -(pA)$ - ) P_x ."f PBdx [2-I0]
0 0

Here tt has been assumedthat the fuel ts tnJected normal to the

freestream. The integrals are evaluatedtn a manneranalagousto thoseof

the x-momentumequation with the additional assumptionthat the wall

surface is straight (dy/dx is constant). Thefinal formof the y-momentum

equation ts as follows whered" ts the diameterof the chokedorifices, and

S is the spacingbetweenorifices:

c, = - (2-z;)

The second term represents the fuel momentumand acts to reduce thrust.

In spite of It's complexity,, this term is negligible comparedto the

inflow momentumand can be ignored.

The continuity equation can be written simply as a statement of mass

conservation in the control volume:
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Applying the equation of state for a thermally perfect gas at the inflow

andoutflow stations, andrecalling that the tnflow and outflow pressures

are equal, results in a relatton for the overall control volume area

ratio:

. t _,)LTo)tRo)

yo (_) [2-,,]

To close the system of equations, information about the thermodynamic

state of the outflow is needed. This is provided by the energy equation:

\

Only the tnflow andoutflow planes, and the normal fuel injection needto

be considered here since the dot product of veloctty and area is zero

everywhere else. Equation 2-1S is the energy balance used.

This equation is evaluated byassumingthat combustionat a given fuel-air
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ratio is complete •t station 2 and that the combustion products •re tn

equilibrium at freestream static pressure. Ten species •re considered in

thts calculation which ts outlined tn appendix A. The outflow gas

constant needed tn the continuity equation ts • by-product of the

equilibrium energy balance.

Equations 2-9,. 2-)1, 2-13, and 2-15 are four equations vhtch can be used

to solve for four unknowns. In general, the control volume tnflow

conditions are specified, •s well as the tnflow streamheight and fuel-air

ratio. The conservation equations can then be used to determine the

control volumearea ratio Y2/Yo, velocity ratio uz/uo, temperature ratio

Tz/To and finally, the thrust coefficient C_. Somevariations of this

basic equation set wtll now be described.

Three-Dimensional Relief Approximation

A non-zero thrust coefficient implies pressures different from freestream

within the control volumewhich would give rise to • transverse flow. To
r

account for this three-dimensional relieving effect which would tend to

lower the magnitude of the thrust coefficient, someadditional modeling is

introduced which allows for changes tn the control volume width from

station 0 to station 2. The main assumptionhere ts that •11 three

"sides" (stream surfaces) of the control volume deflect equally. The (

change in the formulation arises tn the x andy-momentumequations where

the streamline slope ts reduced since the cross-sectional area of the
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control volumeat stat|on 2 ts nowaccommodatedby equal deflections of

all £hree stream surfaces. Stmilar to the two-dimensional form (Z-7), the

x-componentof the pressure integral on the stream surfaces is:

ThedA/dx term is the total cross-sectional area change,anddy/dx is now

the three-dimensional slopeof all three streamsurfaces. As tn the two-

dimensionalcase, this slope is assumedto be constantandequal to the

total deflection divided by the base length. The final "three-

dimensional"form of the x-momentumequation becomes:

The three dimensional stream surface deflection is a function of the

control volumearea ratio Az/Ao, the inflow stream height Yo/Yb, the base

aspect ratio w/yb, and the rampangle L/yb. Evaluation of this term is

purely geometric and is reducedto the quadratic equation below.



29

+ +C"O

[2-181
b" 1+ +

It should be noted that somesmall pressure-area terms havebeenneglected

tn this three-dimensional mode] since the control volume no longer

conforms exactly to the edges of the rampsurface. Since linear theow

already restricts angles to small values, inclusion of these small

"wedges"ts unneccessary.

The three-dimensional y-momentumequation is similar to the two-

dimensional form (equation 2-]]) except that the 3-D streamline deflection

ts now used:

The continuity and energy equations are unchanged,with Y2/Yointerpreted

as the cross-sectional area changeof the control volume from tnflow to

outflow.
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Eauationsfor a Perfect Gas

The energyequation canbe greatly simplified by neglecting the addition

of fuel altogether andassumingthat energy ts simply addedto • perfect

gas •it stream. The resulting equation (2-20) wtll be useful in •

subsequentsection uhencomparingresults from • two-dimensionalperfect

gas Euler analysis.

T= = (y_l)_o [ q + 1 1(u=_=.1 ]_ (u2o/gc) (y,,_l) j_ --_.L--_o) -_. [2-20]

Theenergy addedper unit massof air flowtng tnto the control volume(q)

is assumedequal to the product of fuel-air ratio andthe lower heating

value of the fuel. Correspondingsimplifications to the continuity and

momentumequations are readily madeby assuminga fuel massflow of zero

andthat the outflow andtnflow gasconstantsare identical. If the two-

dimensionalformsof the x andy momentumequations are used (2-9 and2-

)1), andthe secondterm tn equation 2-]] fs neglected, the equationset
I

can be manipulatedinto a quadratic tn uz/uo.

Eouat!onsAt Zero Pr_q

]

At zero drag, three-dfmenstonaleffects are negligible, so the two-

dimensionalequations are used. Further, the term Involving the slope

j
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squared in the x-momentumequation (2-7) can be neglected. The fuel

momentumten. tn the y-mmentumequationis ignoredso that answersare

not specific to the normal injection case. Now, setting the thrust

coefficient to zero results in the following formsof the x-momntum,and

y-momentumequations.

u, .1

yo. 1

YZ, (y_ 1) [2-22]

The continuity and energy equations are unchangedat zero drag. I

PerformanceParameterDefinitions

(
A figure of merit for external burning is neededso that it's performance

can be comparedto that of other forms of propulsion. An obvious choice

would be the specific tmpulse based on the force generated by external

burning:
i

AXIAL FORCE INCREASE
.T,m" _,. [2-23]

[
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In terms of the external burning parameters used in the preceeding

development, this equation becomes:

(yol(,V"go/ [2-24]

WhereCr° is the rampsurface force coefficient without external burning

and is defined exactly as the thrust coefficient was in equation 2-4.

Another definition, which does:not tnvolve the fuel off thrust coefficient

is obtained by assumingthat the pressure on the wall with no external

burning is zero. The resulting "total specific impulse" can be written as

follows:

(o:-I,z_.€o== (lbt-sec/lb,,) "[2-25]
(yoV "g°1

Thtsdeftnttton results in high tmpulsevalues, since tt is basedon the

total force instead of the external burning force increment, but can be

computedwithout knowledgeof the drag coefficient. The total specific

impulse is the sumof the external burning |mpulse given by equation 2-24

and an impulse attributed to the pressure on the rampwithout external

burning. It cannot be directly comparedto the specific tmpulse of other

propulsion systems, but is useful for examining trends.
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At zero thrust coefficient, a "normalized" specific impulse ts obtained

from equation 2-24.

E . Oo (lbt-eec/Ib.) [2-26]

Thts equationIllustrates the fact that external burningperformanceis

directly proportional to the severity of the basedrag problem.

Results

The zero-dragformof the equationswill be examinedfirstto determine 1

the fuel flow and inflowstreamheightrequiredto eliminatebasedrag.

If either of these parameters appear to be unreasonablyhigh, the utiltty

of the concept would be in question. The zero drag y-momentumequation

(eq. 2-22) states that the inflow stream height depends only on the l
L

control volumearea ratto_ Since thts stream must be fueled by a fuel

injection system tn any practical application, a low value is desirable

which translates into a high value for the control volumearea ratio. As

shownby equation 2-13, the area ratio ts mainly a function of the fuel-

atr ratio chosensince at zero drag, the inflow andoutflow velocity ratio [

is nearly one. Both the temperature andgas constant ratios increase wtth

increasingfuel-airratiountllthe maximumequilibrlumtemperatureis

reached at a fuel-air equivalence ratio slightly greater than one.

i



34

Further Increasestn the equivalenceratio result tn muchlesser increases

tn area ratio as the nowdecreasingequilibrium temperaturecompensates

for the gas constant and mass addition effects. The equilibrium

temperature ratio ts affected to a lesser extent by altitude, as the

temperature ratio increases with decreasing tnflow temperature. The

effect of pressure on the equilibrium calculation ts negligible at the

altitudes consideredfor transonic flight.

The variation of required tnflow stream height at zero drag wtth fuel

equivalence ratio ts showntn figure 2-2a over a range of transonic flight

Hachnumberson a ]000 psfa dynamicpressure trajectory. Note that since

the linear theory terms were ignored tn the zero drag equations they can

be evaluated belowHachone. The benefit of increasing equivalence ratio

is reduced for equivalence ratios greater than one. The curves f]atten

out at Mach1.8 as the vehicle climbs tnto the tropopause and the tnf]ow

temperature becomesconstant. This ts the only effect of trajectory on

the inflow stream height; different trajectories would simply cause this

f]attentng to begin at a different Hachnumber. For a stotchtometrtc, or

fuel rtch system, the required stream height ts about stx to ten percent

of the base height over the.entire Hachnumberrange.

The inflow stream height and freestreamconditions ftx the air flowrate

tnto the control volume,so specifying the fuel-atr ratio determinesthe

fuel flowrate required. Figure 2-2b showsthe required fuel flows at zero

drag corresponding to the conditions of figure 2-2a. For equivalence

ratios less than one, the increase tn fuel flow with fuel-atr ratio ts
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compensatedbythe reduction in inflow streamheight. Thus the curves for

equivalence ratios from .5 to ].0 are nearly coincident. Onthe fuel-rich

side however, the fuel flow does increase with equivalence ratio since the

reduction in inflow stream height is relatively small. Unlike the inflow

stream height, the fuel flowrate is a strong function of altitude being

roughly proportional to the freestream dynamicpressure. Along the ]000

1Wit z traJectow, the required hydrogenflowrate ranges from about .05 to

.2 lb/sec per ft 2 of base area for stotch|ometric or fuel lean equivalence

ratios.

So far, the desirefor low inflowstreamheightrequiresthe highest

equivalenceratiopossible,temperedby considerationof the fuel flow

which increasessharplyfor equivalenceratiosgreaterthan one. The

penaltyfor highfuelflowis shownin figure2-2cusingthe "normalized"

specificImpulseglvenbyequatlon2-26. The impulsevaluesdecreasewith

Increasingequivalenceratio,but there is relativelyllttle]oss in

performancefor equivalenceratlos up to one. Performancedegrades

quicklyhoweverwithfurtherincreasesInequivalenceratio. The speclfl_

impulseis nearlyinvarlantwithtrajectory,sincethefuelflowincreases

proportionatelywlth freestreamdynamicpressure,and the ratioof these

two appearsin equation2-26;i.e.for a givendragcoeflclent,the drag

forceand fuelflowareproportionaltodynamlcpressure.The increaseIn

specificimpulsewith Mach numberIs due to the normalizationused and

would only occur if the drag coefficientwere constantover the Mach

numberrange. To determinethe actualImpdue to externalburning,the

base drag of the vehlclewithoutexternalburningmust be known. The
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determination of a base drag coefficient ts a complexproblem even for

stmpleprojectile shapes,dependingon manydifferent parameterssuchas

Reynold's number,Rach number,approachboundarylayer thickness and

boattatl mngle. The situation herein is further complicatedby the main

engtneexhaustwhichhasalready beensimplified. Reference] containsa

vast numberof correlations andmodelsfromuhtchmnoverall flavor of the

base drag problemcan be obtained. To pick a stngle drag coefficient

applicable over the range of f11ght conditions would be a gross

oversimplification, howeverfor the presentdiscussion, a value of order -

.25 puts a lower boundon the spectftc tmpulse,reductngthe normalized

values by a factor of four. Evenat thts conservativelevel of basedrag,

the I,pat stoichtometric conditionsrangesfrom]000 to 4000secondswhich

exceeds that of a rocket (400 sec) and is competettvewith a turbojet
\

Installation. Addedbenefits of an external burningsystemare its ltght

weight and relative simplicity.

The results at zero drag tndicate that the external burningsystemshould

be designedto operate at or near stotchtometrtcconditions. A fuel-lean

approachresults tn sltghtly lower fuel flows, andhtgherperformance,but
i

would |nvolve distributing less fuel over a larger cross-sectional area.

Fromthe practical standpointsof fuel injection andflame stability to be

discussed tn a subsequentsectton, equtwlence rattos near one are

preferred.
i
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Fuel In]ecttoh Consideration;

Gtven the requtred fuel flo_ate and tnflow atr stream hetght, the fuel

Inject|on schemecan be examined tn more detatl. A transverse row of

sontc ortf|ces Injecting gaseoushydrogen fuel normal to the freestream

wtll be cons|dered. Hore tmagtntttve w_ys of fuel|ng the stream such as

spraybars, vortex mtx|ng, etc. could be considered, but wall Injection can

be modeled tn a relatively straightfon_ard manner and provides a good

potnt of departure for more elaborate schemes. Upon injection from a

sontc ortftce normal to the freestream, the fuel Jet Interacts wtth the

oncoming freestream air and is bent downstream tn a relatively well-

understood tnvtsctd process known as "jet penetrat|on "42"sl. The

"trajectory" of the fuel jet dependslargely on the momentumof the two

streams. If the freestream momentumis h|gh Comparedto that of the Jet,

the fuel ts quickly directed downstreamand may only penetrate a few

orif|ce diameters into the freestream. Th|s tnvisctd interaction which

results tn most of the penetration occurs wtthin about 20 orifice

diameters downstreamof injection, after which the viscous mixing process

transports the fuel further tnto the freestream at a muchslower rate.

_et Pene_rat!on Mode] and EoutvalenceRat!o Approximation

(
I

For round, underexpanded,sonic ortftces the Jet penetration dependson a

numberof parameters Including the orifice diameter, fuel and freestream

conditions, and distance downstream of the ortfice at whtch the

(
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penetration ts measured. The Jet penetration was found to be almost

tnvartant wtth gas molecular weight andtotal temperature tn reference 48.

Povtnellt et.al, s° presents a correlation of experimental data whtch ts

useful for the present application, giving an equation that describes the

outer boundaryof the tnJectant defined as a l/L_concentratton by volume.

Four correlating parameters were used, namely the Jet penetration in

orifice dtameters yJd', the distance downstreamof the orifice centerltne

x/d', the orifice extt Machnumber, and the Jet total pressure divided by

the "effective back pressure". The effective back pressure tdea was

introduced by Orth, et.al. 47 as a way of extending results for injection

into a quiescent mediumto injection into a supersonic cross-flow. The

effective back pressure is taken to be 2/3 of the stagnation pressure

behind a normal shock at the freestream Hachnumber. For sonic orifices

the correlation equation reduces to equation 2-27 which wtll be used

herein to describe Jet penetration.

d" _'_) _-d; + .5_ [2-27]

P,. - (2/3)

The fuel-air equivalence ratio andthe control volumetnflow streamheight

are two key parameters which wtll nowbe related to the Jet penetration.

The amountsof fuel andatr tnvolved tn the external burnfng processmust

be knownto arrive at an equivalence ratio. The fuel flowrate through a

chokedorifice of diameter d" ts descrfbed by equatton 2-28:
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P"- =d"
=.±403 [2-z8]

The total fuel flowrate is then determined by the numberof orifices in

the row. Estimating the amountof atr tnvolved tn the unconfined stream

ts not as straightforward and must be approximated. The central

assumptionused herein is that the inflow stream height Yo ts equal to the

jet penetration yp. The air flow is then taken as that which flows at

freestream conditions through the inflow plane. Thuseach orifice fuels

a cross-section of the inflow air which is yp high and S wide where S is

the spacing betweenthe orifices. This airflow is given by equatton 2-29.

Combiningequations 2-28 and 2-29, the fuel-air equivalence ratio basedon

"penetration times spacing" becomes:



4O

The penetration times spacing equivalence ratio is obviously of a global

nature and is most rational if the orifice spacing andthe Jet penetration

are of nearly the samemagnitude'. A parameter which gives a degree of

freedom to this calculation is the distance downstream(x/d') at which the

penetration is taken tn equation 2-27. The 1/2% concentration

"trajectow" given by equation 2-27 is plotted tn figure 2-3, for various

values of the Jet pressure ratio. For x/d" values greater than about 20,

the calculated equivalence ratio will not be a strong function of x/d" due

to it's .281 exponent. A value of 30 is used in most subsequent

calculatt ons.

The design problem is then one of finding a combination of orifice

diameter, spacing, and fuel conditions, which results tn the desired

equivalence ratio and inflow stream height (jet penetration) at the given

flight condition.

Fuel Injection Destan Example

Equation 2-30 can be rearranged tnto equation 2-31 where a dimensionless

grouping of fuel injection parameters Fits written as a function of

freestrea= conditions and the desired fuel-air equivalence ratio.

" In reference 43, the concentration proftles downstreamof the
ortftce are shownto develop into a "kidney shape"of total width roughly
equal to the height.
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,,,7u, ,se_.

F_.-- \ t.o! . [2-3]]

Replacing the Jet penetration yp with the tnflow stream hetght yo tn

equation 2_27results in a seconddimensionless group F2whtch also relates

fuel injection parameters to freestream condtt|ons andthe destred tnflow

stream height.

Now, if a design flight condition and equ|valence ratio is chosen, the

required tnflow streamheight from the zero-drag equations (figure 2-2) is

knownand the fuel pressure, temperature, and orifice geometry can be

traded using equations 2-31, and 2-32. For the following example, the

Mach1.4, 1000psfa dynamicpressure (26700 ft. altitude) fltght condition

was chosen. An equivalence ratio of one is used since as discussed

previously, this provides a good compromisebetween specific impulse

performance and operability fn terms of fuel injection and flame

stability. This design point results in values for F1 and Fzof .4588 and

.0239 respectively. Specifying a fuel pressure of 300 psta, results in an

orifice dtameter of .005824 baseheights from equation 2-32. The orifice

spacing ratio S/d" can nowbe obtained from equation 2-31 by specifying a

fuel temperature and flow coefficient. Using a fuel temperature of 518
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degrees Ranktneanda flow coefficient of 0.9, the spacingratio is 9.485.

At the Mach 1.4, 26700 ft. flight condition, this orifice design wtll

matchthe Jet penetration andfuel flow suchthat the tnflow stream height

and equivalence ratio are the required values for zero drag. Similarly,

the specific tmpulseperformanceat this condition will be the zero drag

value given'in figure 2-2c (8679 times c,e). To match the zero drag fuel

flow and Jet penetration over the entire trlJectow requires • unique

schedule of fuel temperature and pressure. For the exampledesign given,

thts schedule appears in figure 2-4. It is unlikely that this variation

of fuel conditions would exist at any one point in the fuel system, where

the external burning fuel could be extracted. To follow the variation

shown in pressure and temperature would burden the relatively stmple

• external burning sytem wtth auxiliary pumps,heat exchangers, etc. making

it muchless attractive.

p_rformanc¢Bt Constant FuelCondition)

Fortunately, the penalty for off-design operation is not substantial as

can be seen in figure 2-5 where the exampleorifice pattern is operated at

the design fuel conditions (300 psia, 518 degrees Rankine) over the entire

trajectory. Now, the resulting equivalence ratio and stream height will

not necessarily result in zero thrust coefficient and the general form of

the control volume equations must be used. In figure 2-5a, the inflow

stream height which is simply the Jet penetration at constant fuel

conditions is plotted. The zero drag, stotchtometrtc design result is
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"also shownfor comparisonand obviously Intersects the other curve at the

Mach1.4 design potnt. The jet penetration varies only about ]O_over the

enttre envelope, as expected stnce the Jet momentumts constant and the

freestream momentumts nearly so on a constant dynamic pressure

trajectory. This results tn the continuously Increasing equivalence ratto

showntn ftgure 2-5b stnce the fuel flow ts constant, and the atrflow

decreases along the trajectory.

With the equivalence ratto and tnflow stream hetght known, the control

volumeequations are solved for the non-zero thrust coefficient. Ftrst

however, the tangent of the base angle yb/L must be specified, and tf the

three-dimensional expansionassumptiontsused, the aspect ratto w/yb ts

also needed. The thrust coefficient obtatned by assumtng a three-

dimensional expansionand equilibrium chemistry ts plotted in figure 2-5c

along with thrust coefficients for a 2-d expansion, and a perfect gas 2-d

expansion. To give the plot a sense of scale, tt may be noted that the

drag coefficient for a ]5 degree Prandtl-Meyer expansion |s -.630 at Mach

].1 and -.]45 at Mach2.6. This represents the worst case for the ramp

without burning. In realtty, three-dimensional effects and boundarylayer

separation would tend to makethese values closer to zero. Wtth respect

to the Prandtl-Meyer expans]on values, the thrust coefficient with

external burntng does not yaw significantly from zero, which ts the

reason that the 2-d and3-d curves are nearly coincident. The perfect gas

assumption results tn htgh temperatures and htgh area rattos causing

slightly higher thrust. Thts is compensatedfor somewhatby neglecting

the fuel mass addition which ts included tn the real gas calculation.
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From the standpoint of thrust, the consequencesof simply using constant

fuel conditions are neg]tgtb]e for a systemdesigned at an Intermediate

f]ight condition along the trajectory.

Fromfigure 2-5b, using constant fuel conditfons results fn |ncreasing

equivalence ratio. For constant thrust, this translates |nto •

continuously decreasing specific tmpulse as showntn figure 2-5d. The

specific |mpulse as deftned byequation 2-24 is plotted for the 3-d thrust

coefficient of figure 2-5c assuminga Prandtl-Meyer expansion for the fuel

off thrust. The zero thrust curve ts also shownfor comparison. The ],p

is greater than the zero drag Value for negative thrust coefficients and

less than the zero drag value for positive thrust coefficients. For

example, at Hach1.2 the zero drag ]_ |s 3757 seconds; comparedto an I_0

of 4373 secondsat a thrust coefficient of -.017 for the constant fuel

conditions case. At Hach2.0, The zero drag |mpulse |s 2755, as compared

to ]992 at a thrust coefficient of .014. The result of not adhering to a

design point fuel schedulets thus sltghtly less thrust at a higher

tmpulse or slightly more thrust at a reduced impulse. These I,p numbers

are greater than what would be obtained tn actual practice since the fuel

off thrust coefficient would be somewhathigher. Howevereven at half

these _mpulse values the external burning system ts competettve with

turbojets given _ts light weight, simplicity, and the synergistic effect

of the normal componentof force which is not included |n the performance

assessment.
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ControlVolumeAnalystsSummary

Application of the conservation equations to • control volumerepresenting

the external burning process results tn • system of equations _tch

characterizes performanceandoperability. A subset of these equations in

which the thrust coefficient is set to zero provides a zero drag fuel

injection or4fice sizing criterion. Results tndtcate that •

sto|chtometrtc destqn strategz__prov|des • good compromisebetween

performance ancloperabtltty. An inflow stream height on the order of ]0_-_
L

of the base height and a fuel flow of .1 to .2 poundsper secondper I

square foot of base projected area are required to zero the thrust J|

coefficient alolonong_a_lO0_psfJl_d3_l_a!nJc_pressure_traJectory.This results

in specific impulse .performance competettve with other forms of

atrbreathtng propulsion. A single row of sonic orifices was sized to

match the fuel flow and Jet penetration for zero drag at astngle fltght

condition. Using constant fuel pressure and temperature, the resulting

orifice design worked acceptab]y__ove_the enttre Mach number_range

Indicating that modulation of fuel conditions is unnecessary. These

encouraging tntttal results warranted further analysis and experiment

which ts the subject of the following chapters.
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CHAPTER11! - EULERANALYS!S

Backqround

The control volume analysis ensures conservation of mass, momentumand

energy under the stated assumptions, but is • "black box" approach.

Znternal details of the complex flowfield need not be considered to

evaluate the force imparted to the wall surface. An interesting

implication of the control volumeanalysis ts that the wall force doesnot

dependon the axial distribution of heat addition, but only on the total

energy added. Another feature of the flowfteld is the small change in

velocity of the external burning stream from inflow to outflow for near-

zero thrust coefficients (see equation 2-9). The plume is driven to a

subsonic condition by an increase in the speed of sound and not by

deceleration. The transonic freestream is in general deflected bythe
\

plume, unless the stream expansioncausedbyheat addition exactly matches

the wall geometry'. Deflection of the outer, transonic stream causes

axial pressure gradients which are balancedby the subsonic plumeandgive

rise to an interaction between the hyperbolic outer stream and the

elliptic plume.

• ]n reference 52, Broadbentpresents an interesting inverse method
for determining the heat addition distribution required for a desired wall
pressure distribution and streamline pattern in an tnvtscid two-
dimensional flow. The method is restricted to supersonic flow in which
the shapeof the streamlines can be estimated readily, and so has limited
application to the present case.

J
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. The desire to better understand the features and interactions of the

Invlscldexternalburningflowfleldand to verifyIn two-dimensionsthe

controlvolumeresults,ledto thedevelopmentof an Euleranalysiswhich

is the topicof this section. The Euleranalysisalsoprovedusefulin

evaluatingthe experimentalresultsof chapterIV where the additional

interactionof the free-Jetboundarywas examined. The Eulerequations

were chosendue to theirrelativesimplicityand as the next step in

complexityfrom the controlvolumeanalysis. A representativeheat

additiondistributionis imposedon the flowfieldthroughthe energy

equation and the equations are solved using a time-marching technique.

Assumingthe distribution of energy addition a priori mayat first seemto

be an oversimplification, but the alternative is a viscous model of the

complex mixing and chemical processes which are themselves subject to

assumptionson turbulence and chemical reaction rates. A muchfiner grid

and orders of magnitudegreater run times are other obvious drawbacksto

a Navier-Stokes approach. Using the Euler approach, the heat addition is

based on available information such'as Jet penetration and fuel flow and

can be varied parametrically. Features of the flowfteld and analysis are

depicted schematically in figure 3-1. Thegeometry studted parallels that

of the control volumeanalysis, being a straight rampadjacent to which

heat is addedso as to counteract the expansion andreduce the drag force.

The heat addition region in general drives the supersonic inflow to a

subsonic condition resulting in a mixed supersonic-subsonicoutflow. The

upper lateral boundarydownstreamof the ramp is treated in two different

ways, as a solid wall parallel to the freestream, andwith a secondinflow

which simulates the flow over the upper surface of the vehicle, generating
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a slip ltne between tt and the externa] burning plume. ]n comparisonsof

the two methods to be presented tn chapter 4, the p]ume was qutck]y

deflected by the freestream tnflow andthe sltp line andwall were nearly

coincident, resulting tn negligible differences fn the ramp pressure

distributions and drag force. The lower lateral boundary fs treated as

either a free boundary through which waves may pass, or a free-jet

boundarywhtch deflects, reflecting wavesof the opposite famtly back tnto

the flowfield. The heat addition zone ts boundedby the wall and a

streamline emanating from a specified point at the tnflow tn the lateral

direction, and axial]y, by specified upstreamand downstreamlocations x1

and xz.

Development

Euler Eouations in Conservation Form

The equationsof motionfor an Invlscid,non-conductlnggaswithout body

forceswere taken from reference53. For the presentcase,the term

representingthe energyadditionmust be retainedin the differentia]

energyequation.The resu]tlngequationset In conservationformandthe

non-dimenslona]Izatlonused Is as fo]]ows:
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Following reference 53, a general grid transformation is applted and the

equations are put back into conservation form. The resulting equation set

in transformed coordinates contains the Oacobtan and metrics of the (

transformation.

a_+ aj + a_ 5 p-z]at a_ _ "
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The U, E, F, and Q vectors are as defined in equations 3-1. These

equationsare then solvedon the transformed,uniform, rectangular grid.

Algebraic grid generation wasusedwith stretching functions taken from

reference 53, usedin both the x andy directions.

Methodof Solutlon

The transformed equations were solved tn finite-difference form using

MacCormack's explicit, time-marching, predtctor-corrector technique as

presented in reference 53. A fomvard predictor, backward corrector

differencing scheme was used for internal points, with appropriate

switching at boundaries where an initial solution ts needed to apply the

boundary conditions. The flowfteld was initialized to the inflow

conditions and then marched in time using a time step determined by the 2-

D Courant number:

(lvl.a) A=
_/(Ax) 2+(Ay) 2 [3-3]

The flowfield was surveyed at each iteration to determine the maximum

allowable time step basedon a constant Courant number. For manyOf the

flowftelds with heat addition and large density gradients a Courant number

of 1/4 was neededto stabilize the solution. To determine convergence,

the absolute value of the changein eachof the U vector members(obtained
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in the corrector step) was summedover the entire flowfield at each time

step. These four values which represent the degree to which each of the

four conservation equations ire satisfied generally decreasedby several

orders of magnitude, approachingsteady-state values which were grid and

problem dependent.

ArtificialDampinQ

Dampingwas required to stabilize the solution in the vicinity of shock

waves as well as near the boundaw between heated and unheated regions.

Commonartificial viscosity models based on velocity gradient are

sufficient for adiabatic flow, but for the present case, large gradients

in density can occur across the heat addition boundaw in the absenceof

a velocity gradient, rendering the artificial viscosity models

ineffective. The method used was a variation on that of Rusanovas

presented in reference 54. Terms involving spatial derivatives of the U

vector membersare addedto the membersof the E andF vectors in all four

equations. This correspondsto adding an artificial viscosity, as well as

a massdiffusion, and thermal conductivity. The dissipation terms modify

the transformed E and F vectors in equations 3-2 as follows:

[3-4]

¥- -- +
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whereCx andCyare dampingcoefficients given by:

cx- c,(lul+a)Ax
[3-s)

cy- c,(Ivl+a)Ay

and Cd Is an adjustable damplngcoefficient. This dampingschemewas

successful in smoothingoscillations near shocksas well as acrossheat

addition boundaries. Cd values from ,0! to .] were usedwith the optimum

value being problemdependent.

As$tqnmentof Heat Addition pt_trlbution

In deftning the heat addition distribution, tt is assumedthat the tnflow

stream hetght andequivalence ratio are known. This determines the total

heat addedwhich is then distributed over the heat addition zone. The

heat addition zone is boundedlaterally by the wall, and the streamline

which emanatesfrom a point defined by the height of the external burning

stream at the inflow. The total energy |nput per unit ttmets obtatned

from the air flow and fuel-atr ratio and is given by equation 3-6.
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WhereLHVis the lower heating value of hydrogen and is taken to be 52000

BTU/lbm. Thts total energy input must equal the integral of the assumed

distribution of heat addition per untt volumeover the heat addition zone.

After writing the air flow in terms of freestream conditions and the

inflowstreamheightYo, this equalitywrittenin non-di_enslonalform

becomes:

The heat addition zone is defined by the beginning and end points of the

expansionsurface, and the upper and lower lateral boundaries. The upper

boundary is the wall, and the lower boundary is taken as the streamline

starting at the inflow stream height Yo which changes as the solutio_n

marchesin time. This equation is satisfied at each time step by tracking

the bounding streamline and numerically integrating the heat addition

distribution. A coefficient which pre-multtpltes the distribution--

function is then adjusted suchthat equation 3-7 is satisfied at all times

as the solution convergesand the boundingstreamline moves. Note that

the left handside of the equality is equal to the heat addition term tn

equation 2-20 which facilitates comparisonbetween the Euler and control

volumeresults. I
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BoundaryConditions

The tnflow ts asstgned uniform freestream conditions, and the enttre

flowfield ts Initialized to these cond|ttons. At the outflow boundary, a

zero axtal gradient ts specified by overwriting the solutton at the

outflow plane wtth that from the last tntertor columnfor both supersonic

and subsontcregtons.

The wall boundary ts treated ustng a method suggested tn reference 55

which is applicable for both supersonic and subsonic flow. Ftrst, the

solution at thewall is obtained using backwarddifferences. The veloctty

vector so obtained is not tn general tangent to the wall, t.e. a ftntte

non,a1 veloctty exists. This normal veloctty ts computedand a fintte

unsteady compression or expansion wave of the proper magnitude ts

Introduced at each wall grid point such that the tnducedveloctty of the

wave is equal to and cancels the normal velocity. The conditions

downstreamof the wavethen correspondto the corrected state variables at

the wal].

The lower lateral boundaryts treated using the methodof characteristics

extrapoiatton of reference 54 for supersonic potnts, and a stmple

extrapolation from the adjacent fntertor point ff subsonic flow extsts

downstreamof strong shocks passtng through the boundary. For the free-

jet boundarymodel, extra grtd fs addedbelow the free-Jet wfth a separate
)tnflow at the samestatic pressure, a specified total temperature, and a

' low subsonic Hachnumber. The free-jet slip line |s thus "captured" as
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the solutton develops tn time. At the lower computational boundary, the

velocity componentsare extrapolated from the adjacent tntertor potnts,

and the static pressure and total temperature are set to the tnflow

values.

Results

Features of a 2-D tnvisctd external burning flowfield with three different

distributions of heat addttton imposedon it will be exam|nedfirst and

comparedto control volume analysts results. Next, the effects of grtd

refinement and artificial damptngon the solutions are examined. Ftnally,

the 2-D tnviscid and control volumeresults are comparedover a range of

Machnumbers.

Prior to computing the relatively complexexternal burning flowfields, a

numberof test cases were run to verify that the programwould properly

solve a wedge-compression,a Prandtl-Neyer expansion, and a constant area

heat-addition (Rayleigh) flow. Thesetest cases are presented in appendix

B.

Effect of Heat Addttton Distribution I

A ]5° expansion at Mach ].4 was chosen so that results may be directly
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comparedto the control volumeanalysts of sectton 2. In all three cases

to be presented tn this sectton, the 80 by40 grid showntn figure 3-2 was

used with a damptngcoeff|ctent of .025. The grtd denstty was btased

toward the leadtng edge of the expansion to resolve the relatively small

inflow stream height, and the complexinteractions tn thts reg|on. The

total heat addttton ts commensuratewtth that of the Nach1.4 examplefuel

injector destgn gtven ftgure 2-7, t.e. an equivalence ratto of 1.00, and

tnflow streamhetght (Yo/Yb)of .0865 are used |n equation 3-7 to determine

the total heat added. The heat addttton zonewas boundedby the beginning

and end points of the expansion ramptn the axial direction, and by the

wall and streamline tn the transverse direction. The same total energy

addition was distributed tn three different wayswtthin these boundaries.

The ftrst distribution ts simply a constant over the enttre area as shown

tn figure 3-3. The streamlines of the convergedsolution appear tn the

figure and indicate a delay tn the expansionof the external burntng plume

which results tn significant deflections tn the freestream. The second

distribution employeda Gausstanfunction tn the axial dtrectionto more

closely approximate what maybe expected tn a real mixing and combustion

situation. This distribution ts depicted tn figure 3-4a and causes an

tntttal compressiontn contrast to the constant heat addition case. The !

functional form used, showntn figure 3-4b ts maximumat the leading edge

of the expansion, and decays to zero at the tratltng edge. The third

distrtbutionshown tn figure 3-Sats a variation on the second, where the

Gausstanaxtal distribution ts retained, and a parabolic variation tn the
]

transverse direction is added. The maximumis placed at the midpoint

between the wall and bounding streamline. At the wall and bounding

J
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streamline, half the maximumvalue ts tmposed.The resulting streamline

pattern is very stmtlar to that of the secondcase.

Hachnumbercontoursfor the three casesare showntn figures 3-6 through

3-8 alongwith the correspondingwall #achnumberandpressurecoefficient

distributions. For case ] (the constant distribution) the freestream

Initially expandsto a higherMachnumberandthen recompressesthroughan

oblique shock. Following an initial expansionto Mach1.7, a quasi-

Rayleigh flow region (constantarea heat addition) appearstn the heated

streamup to an axial station of about .2, at which potnt the wall Hach

numberts rapidly reducedto a subsonicvalue of about .4 throughwhat

appears to be an extension of the freestream shock. An interesting

interaction thus results wherethe shockpressure Jumpimposedon the

freestreamboundaryof the heatedregion accompaniesan abrupt transition

to subsonicflow and a streamarea tncrease in the plume, whichtn turn

determinesthe strengthof the freestreamshock. Thepressurecoefficient

distribution reflects the samephenomena,an initial expansion,a region

of gradually increasing pressure, and a rapid recompresston. Following

the recompresston,the nowsubsonicplumetransmits the pressureimpressed

on tt by the deflecting supersonicstreamdirectly to the wall. At the

outflow plane, the freestream flow ts again parallel to the inflow, and

very near the tnf]ow pressure.

The 2-D perfect gas form of the control volume analysts described tn I

chapter 1! gtves a thrust coefficient value (as deftned tn equation 2-4)

of .032, whtle integration of the 2-D Euler wall pressure distribution

[
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yields a force coefficient of .028. The force increment due to external

burning is the appropriate parameter to compare, and for the 2-D tnvtsctd

case, a Prandtl-Reyer expansion ts used msthe baseline. A ]S° expmnston

at Hach1.4 results tn a force coefficient of -.388. The force increment

due to heat addition as predicted by the control volumeanalysts ts thus

.420 as comparedto the 2-D [uler value of .416 which ts about ]Z lower.

A summaryof all 2-D Euler runs to be discussed tn thts section appears tn

table 3-1.

The Hach numbercontours for the case 2 heat addition distribution

(Gausstanin the axial direction) are shownin figure 3-7a. ]n contrast

to case ], more heat is addedat the corner and the heated stream is

immediately driven to a .6 Machnumber. The freestream is initially

compressedthrougha shockwhichagain coincideswith the location of the

supersonic-subsonictransition in the heated stream. The wall pressure

then follows that impressedonthe plumebythe freestreamwhichgradually

expandsand recompresses,exiting at the inflow pressure. Despite

•substantial differences in the flowftelds and pressure distributions

betweenthis caseandcase1, integration of the wall pressuresgives the

samethrust coefficient of _028.

The flowfteld generatedby the third heataddition distribution appearstn

figure 3-8. Theparabolictransverseheat additiondistribution obv|ously

causestransverse Hach numbergradients tn the plume resulting tn a

curvature of the sonic ltne. Thefreestreamflow ts essentially Identical

to that of case2. Thecharacter of the wall Machnumberdistribution is
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also stmilar, becomingsubsonic •t •bout the samelocation, but wtth an

tncrease tn the overall level. The wall pressure distribution ts barely

dtscernable from that of case 2 and results tn • thrust coefficient of

.030 whtch ts Identical to cases ] and 2 for •11 practical purposes.

The thrust coefftc|ent ts thus Independentof the mannertnwhtch heat ts

d|strtbuted for the cases examinedheretn, and matchesthe value gtven by

the control volume analysts. Goodagreement w|th the control volume

analysts |s to be expected however, stnce both methodssat|sfy the same

set of conservat|on equations. As long as the 2-D Euler flowfield does

• not severely violate any of the control volumeassumptionssuch as linear

theory on the bounding streamline, and parallel, untform tnflow and

outflow, the results should be comparable. As discussed tn the

developmentof the control volumex-momentumequation (2-8), • variation

in the ax|al distribution of heat would changethe shapeof the bounding

streamline and the associated pressure-area tntegral term. Since this

term was relatively Insignificant, the streamline shapewas approximated

by a stratght line, which el|minated all dependenceon axial distribution

from the control volumeresults. As evidenced by the 2-D Euler results,

the shape of the boundingstreamline |s affected by changes tn the heat

addttton distributions, but ts of ltttle consequencetn terms of the

thrust coeff|ctent.

: Other parameters whtch can be comparedon • less exact basts are the

control volumearea ratio andoutflow velocity. The control volumearea

ratto given by equation 2-13 ts 13.2. Fromthe streamlines in ftgures 3-3
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through 3-5 it is apparentthat the heatedstreamin the Euler solutions

expandsby about this amount. Equation 2-9 indicates that the outflow

velocity wtll be higher than tnflow for positive thrust coefficients. For

this particular case, •n outflow to tnflow velocity ratio of ].19 is

given. Veloctty profiles for the Euler solutions •t the ramptr•iltng

edge station •re plotted in figure 3-9 for •11 three heat addition

distributions •long with • line representingthe control volumevalue and

exit plane streamheight. The proftles are not uniform, but do exhibit

velocities higher than the tnflow velocity with • man value near 1.19.

The 2-D Euler results comparewell both qualitatively and quantitatively

to the control volumeanalysts desptte non-uniform outflow, andnon-linear

shockwaveson the plumeboundary. The independenceof thrust coefficient

to changes in heat addition distribution is primarily an tnv|sctd

phenomena.The sharp recompresstonsseenis the heated streamtransitions

to subsonic flow may induceboundarylayer separation, which would prevent

high pressure on the wall surface. The interaction betweenthe heated and

unheatedstreams which causedthe sharp recompresston in •11 three cases

maybe altmtttng factor in actual practice.

Effectof Ar)IflclalDamDinq

Arttftcal dampingwasrequired to stabilize the solutions, and! question

naturally •rises as to the effect of the addeddampingterms whichare

related to viscouseffects on the convergedsolutions. Only in very few
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caseswould a solution convergewithout a non-zero dampingcoefficient as

defined above in equation 3-5. The results of the previous section were

all run with a Cd value of .OZS. Thecase 2 heat addition abovewaschosen

as the baseline, and the solutton was repeated on mnIdentical grid with

the dampingcoefficient halved, then doubled. The solution would not

convergewith zero damping. Machnumbercontours for the three casesare

shownin figure 3-10. The most obvious effects are an increase in the

thickness of the plumeboundaryas dampingis increased, and an increase

in pre-shock oscillations at reduceddamping. Thewall pressure and Mach

numberdistributions showedlittle effect of changes in damping. The

thrust coefficients were also very similar being .034, and .029 for the

minimum and maximumdamping cases respectively. Overall, damping

coefficients of this magnitude have only a superficial effect on the

thrustcoefficient.

{ffect of Grid Refinement

All of the preceedingresultswere run on the 80 by 40 grid shownin

figure3-2. Increasingthe griddensityresultsin longerrun timesper

time step,and requiresmore time stepsto converge. It is of interest

thereforeto determinethe minimum adequategrid density. In the

transversedirection,theremustbe a sufficientnumberof nodesnearthe

wallto resolvetheheatadditiondistributionandboundingstreamlinefor

the heatedstream,whichforthe previouscasesis only .087baseheights

wideat the inflowplane. Also,the thicknessof the plumeboundaryis a
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number of grid spacings wide depending on the amountof damping used.

This boundary will appear to be artificially thick on sparse grids

although this doesnot seemto affect the thrust coefficient considerably.

In the axial direction, sufficient grid is required near the beginning of

the expansiontoresolve steep gradients causedbythe wall angle andheat

addition. The effect of grid density on the computedflowfield ts seen in

figure 3-]] where Machnumbercontours are plotted for 50 by Z5, 80 by40,

(figure 3-2) and ]00 by 50 grids. Thedamping coefficient of .025, and

the grid distribution seen in figure 3-2 were held fixed. The shockwave

in the freestream, and the plumeboundaryboth appear to get thinner as

grid density increases since they are spreadover a fixed numberof nodes.

Wall pressure distributions shownin figure 3-]Z showsomedifferences at

the expansion corner. The 50 by 25 grid does not resolve the initial

expansion as well as the others, and this is reflected in the slightly

higher thrust coefficient value seen in table3-]. Also note that the lO0

by 50 grid yields a .414 changein thrust coefficient which is 1.4%lower

than the control volumevalue. The 80 by 40 grid gives a .416 change in

thrust coefficient which is comparable to the fine grid result and is

considered adequate for this class of problems.

Effectof FreestreamMachNumber

Eulerresultsat selectedpointsalonga 1000psfa trajectorywere run

withthe 80 by40 grid,.025dampingcoefficient,andcase2 heataddition

distribution.The totalheat addedis commensuratewith the resultsin
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figure 2-7 for the example fuel injector geometry at constant fuel

conditions. Figure 3-]3 includesMachnumbercontoursat four different

freestreamMachnumbersalongthe trajectory. The increasetn the number

of contour ltnes as Machnumberincreases ts causedby the contour

increment being held constant at .05. The most prominenteffects of

increasing freestreamMachnumberare the steepeningof waveangles, and

the coalescenceof wavesat the tratltng edgeof the rampas the plumeis

turned back to the axial direction. Wall Machnumberand pressure

distributions appearin figures 3-]4 and3-]5 andshowthat at Mach2.4,

the plumeis actually slightly supersonicjust upstreamof the cornerand

a weakshockwaveforms. A sharpreduction in Machnumberoccursnear the

leading edgeof the expansionin all cases, which is coincident with the

recompressionseenin the pressuredistributions. Thepeakpressuremoves

downstreamslightly as freestreamMachnumberincreasesconsistent with

the sonic point in the plume. In figure 3-16, the thrust coefficient is

plotted versus freestream flach numberalong with the control volume

results of figure 2-5c. The two methodsof analysis agreewell over the

entire range, demonstratingthe validity of the control volumeapproach

whichcompletelydisregardsthe complexflowfield details broughtout by

the Euler analysis.

_uler Analysis $tnnmary

The 2-D Euler equations with an external heat addition term retained in

the energy equation were usedto model drag reduction by external burning
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on an expansion surface. The equations utth artificial damptng terms

added, were solved using MacCormack's time-marching, finite difference

technique. Three different spatial distributions of a constant total heat

addttton were imposed on a Mach 1.4 freestream flowfteld. The thrust on

the expansion surface determined by numerical Integration of the Wall

pressure distribution was Independent of the heat addition distribution

and agreed well with the value given by the control volume analysis. Grid

refinement and reduced artificial damping had the expected effect of

reducing the thickness of the plume boundary and shock waves, but had

little effect on the thrust coefficient. A sharp pressure rise in the

heated stream at the sonic line was noted for all three distributions of

heat addition. This is caused by an interact|on of the elliptic region of

the plume with the supersonic freestream and may be a limiting factor in

external burning performance since viscous effects may cause the plume to

separate from the wall surface before the maximumtnviscid pressure is

reached. Control volume results showedexcellent agreement with the Euler

analysis over the range of freestream Mach numbers from 1.2 to 2.4, which

substantiates some of the simplifying assumptions used in the control

volume analysis such as linear theory on the bounding streamline, and

uniform outflow.
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CHAPTERIV - EXPERIMENTALPROGRAM

The performance potential demonstratedby the control volumo and Euler

analysis warranted a series of preliminary proof of concept experiments

that are the subject of this chapter. One of the objectives of the

experimental programwas to prove that the external burning of hydrogen

would reduce drag on a simple expansion ramp at transonic fltght

conditions and to provide data for comparisonto control volumeanalysis

results. Theexternal burning conceptoriginally envisioned by the author

employed the combination spraybar-flameholder pictured in figure 4-].

Recall the control volume analysts result from chapter 11 that the

specific impulse performancewas greatest at low equivalence ratio, and I

high inflow stream height. Use of a spraybar to fuel the inflow instead

of relying solely on jet penetration would provide for independentcontrol

of the tnflow stream height without reliance on jet penetration from the

wall, making a lower equivalence ratio, higher performance system more (

feasible. This arrangement would also provide a more uniform fuel

distribution and a flameholding point out in the stream. The spraybar

would be deployed transonically, and inject 2/3 of the total fuel normal

to the freestream in both directions. The remainder of the fuel wouldbe

injectedfrom the wall. l

An important precursor to an external burning test however is stable

(
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combustion. Further, combustionmustbe initiated at the proper location,

and must be complete within an appropriate length. Heat release far

behind the aircraft or test article would be of little value in the

reduction of drag. Hydrogenis not widely used as a heating or aviation

fuel and does not have as substantial a flame stability database as

hydrocarbonfuels. The low pressure and temperature, and high velocity

conditions existing in the region whereexternal burning is to be employed

led to flame stability concerns. Another objective of the experimental

programwas thus to study the combustioncharacteristics of hydrogenand

air in the external burning environment.

The experimentswereconductedin a 12"diameter,Mach 1.26free-jetover

a rangeof freestreampressuresand temperatures.This particularMach

numberwas chosendue to the availabilityof the free-jetnozzle. The

preliminarynatureof thistestprogramdidnotwarrantfabricationof new

nozzles. A completedescriptionof the test facilityappears.ina

subsequentsection. Giventhe 12" exit diameterin whichto work, an

approximately1/50scaleexpansionrampmodelrepresentingtheentireaft-

end of a single-stage-to-orbitvehiclewas constructedcompletewiththe

spraybar.Thismodelwasto provideresultsforcomparisonto thecontrol

volumepredictions.Preceedlngtestsof thismodel,a ]/5scalesection

of the spraybaronlywas testedto obtaintheflamestabilityinformation.

The 1/50 scaleexpansionrampmodelwas plaguedby problemswith silver-

solderedjoints used to fabricatethe tiny spraybaras the gaseous

hydrogenfueldid not providesufficientcooling. The modelalsocaused
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unsatisfactoryoperationof the free-jetdue to high blockage. In

hindsight,the low equlvalenceratiospraybardesignphllosophywas not

practlcalat leastfor the smallscalemodelstested. Flamestablllty

considerationsalso tendedtowarda stolchlometrlcdesignfor whichjet

penetrationfrom the wall is adequate. Glventhis and otherpractlcal

problemsassociatedwiththe spraybarconceptsuchas cooling,drag,and

actuation,it was abandonedin favorof a wall injectionscheme. Re-

designedexpansionramp modelswere subsequentlyfabricatedand tested

successfully.Thespraybargeometryusedintheflamestabllltytestswas

relatedto theabandonedconcept,howeverItwassufflclentlygenericthat

the data obtainedwas used to verify and extend existingstabillty

correlations to the sub-atmospheric, non pre-mixed, transonic conditions

of presentinterest.

(
Hydroqen-Alr F1ameholdlnqPrevious Work

Flamestability,althoughnot the primaryfocus of the presentwork,is

crucialto the successfulapplicationof externalburning.The intentof
(

the followingdiscussionisto reviewthe flameholdlngprocessanddefine

the envelopeof flightconditionswithinwhichexternalcombustionis

feasibleusingthe availabledata and correlationsof previousworkers.

This providesthe rationalefor the preliminaryflamestabilitytestsin

the presentwork. l

Flame stabilityis importantin a wide varietyof applicationsas

I
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evidencedby a reviewof the flameholdingliteraturewhich revealsa

bewilderingarrayof publicationscoveringa widevarietyof applications

fromheatingsystemsto aircraftpropulsion.Sincethe main interestof

the presentwork Is the practicalappllcationof this technologyto the

external burningproblem, the discussion which follows focuses on

appropriateempirical results in lleu of the complex details of

flameholdingphysics. The objectiveIs to understandthe important

parametersin the combustionstabilitylimitsof an unmixedhydrogen-air

systemat transonicaltitudeconditions.

A simpleobservationmade in ]955by ZukoskiandMarble_ providesa basis

for the study of the flame stabilityaffordedby a bluff-bodyor

flameholderwhich generatesa recirculatingregion of hot combustion

productsin its wake:

"If V is the free stream velocityand L the length of the

recirculationzone, then the ratioL/V is a measureof the time

whichthe freshgas spendsintheneighborhoodof thehotcombustion

products.In fact,thecriticaltimeT requiredfor ignitionof the

free streamis givenby

• =z./Vj.o. [4-z]

whereVa.o.is the measuredblowoffvelocity."
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Experimental data is presented for a stotchtometrtc mixture of gasoline

vapor and a number of different flameholder shapes which supports

Zukoskt's conclusion that the ignition delay time f is independent of

gross fluid dynamic features and dependson the speed at which the

chemical reactions takes place.

"Thesimilarityparameterdescribingthestabilizationphenomenonis

thusVr/Landin particulartheblowoffconditionis describedby

thevalue

VS.0._

r -i

The chemicaland fluiddynamiceffectsare separatedintor and L

respectively. The usualdependenceof blowoffvelocityon the

flameholdersize followsimmediatelyfrom the behaviorof L and

henceis determinedby the fluiddynamics."

Thebulkof alldatacorrelationsandmoresophisticatedanalyticalmodels

are rooted in this simpleexplanationof the flameholdingprocess.

Restrictingattentionto hydrogenand air, the first comprehensive

experimentalresultsfoundby this authorwas the work of Dezubays7 in

1954. Dezubay'sexperimentconsistedof a 1.32"diameterglasstube in

whichdisk flameholdersof variousdiameterswere concentricallystrut-

mounted. A pre-mixedstreamof air and gaseoushydrogenflowedthrough
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the glass tube with flame initiated in the wakeof the disks. Tests were

carried out at static pressures of 2 to 6 psta and ambient total

temperature giving a range of subsonic velocities. At • desires test

condition, the fuel atr ratio was varied to establish both lean and rich

stability ]tmtts. The stability mapso obtatned ts reproduced in figure

4-2 where the fuel-atr ratio at blowout ts correlated with velocity,

pressure and disk diameter. The ratio of velocity to diameter which

appears is consistent with Zukoski's argumentexcept for the .74 exponent

on the disk diameter which Dezubay justifies on a theoretical basis.

Dezubay's parameteralso contains the static pressure which is of interest

in relating these results to altitude conditions. As a fltght vehicle

climbs andaccelerates throughthe transonic flight regime, the conditions

for flameholding becomemore severe due to increasing veloctty and

decreasing pressure. In figure 4-3, lines of constant Vo/Po"61which is the

Dezubaycorrelating parameter for a 1" diameter disk are superimposedon

a trajectory mapto give a first indication of the operability of external

burning. Fromfigure 4-3 a value of 800 is the most severe condition at

which flameholding is possible for slightly fuel-rich conditions. For the

high altitude 500 psfa trajectory, this limit is reached at about Hach

1.4, and at about Hach2 fo_ the low altttude 2000 psfa trajectory shown.

Obviously these limits are extendedby use of a larger flameholder, but a

pressure ]tmtt of 2 psta (45000 ft.) shouldalso be recognized belowwhich

combustionmaynot be feasible no matter what stze flameholder is used.

No experimental information on hydrogen-air combustionat pressures less

than 2 psia was found except for somehigh altitude ra_et combustordata

at 1.7 psiass but very low veloctty comparedto the present situation.
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, The preceeding extrapolation of Dezubay'sresults to the present problem

is tenuous for a numberof reasons. First, the correlation data were all

subsonic and the extension to supersonic flow is not obvious. Secondly,

the fuel and air will not be pre-mlxed at a carefully controlled ratio.

The hydrogenwill be injected into the air at somedistance upstreamof

the flameholder.Finally,the flameholderusedIn practicewlllprobably (
I

be two-dimensionaland of much larger scale requiringa correlation

betweenthe reclrculationzone lengthsof circularand two-dimensional

shapes.

- (
The work of Winterfelds9 providessome informationon the issuesof

supersonicvelocityand non pre-mixedflow. Winterfeld'stestapparatus

consistedofrotationallysymmetricflameholdersmountedconcentricallyin

a Lavalnozzlewiththe flameholderbasecoincidentwith thenozzleexit.

Initialtestswere in a pre-mlxedhydrogen-airstreamwith a cylindrical [

flameholderof 6 mm diametermountedconcentricallyin a nozzle of

variablearearatiofrom1.0to 1.7givinga rangeof flowvelocitiesfrom

subsonicto supersonic. Since all tests with this apparatuswere.

conductedat atmosphericpressureand with a constant flameholder
!

diameter, results were presented in terms of the flow velocity and the

"air ratio" which is the inverse of fuel-air equivalence ratio. The

stabilitylimit determinedby Wlnterfeldis easily put in terms of

Dezubay'sstabilityparameterand appearswithDezubay'slimitin figure

4-4. Winterfeld'spre-mixedresultshowsstabilityto lowerfuel-air I

ratiosthan that of Dezubay,and to a flow velocityof 1770 feet per

second. The maximumflowvelocityand richlimitswere not obtaineddue

(
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to facilitylimitations.Dezubay'sresultswere apparentlyunknownto

Winterfeldat the time and so the reasonsfor this discrepancyare not

discussed.The obviousdifferencesbetweenthe two experlmentsarethe

higher static pressureand supersonicflow used by Wlnterfeld,and

differencesIn the flameholdergeometryand mountingarrangement.The

disks representa largereffectiveblockagethan a cylinderof equal

diameter.Also,the cylindricalflameholderbasewas coincidentwiththe

nozzleexit while the diskswere completelyenclosed. Despitethese

differences,Winterfeld'sresultsprovideconfidenceto applyDezubay's

correlationat supersonicspeed.

Anotherseriesof experimentsreportedby Winterfeldin reference59

examined the flameholdingcharacteristicsof hydrogendiffusionflames.

The apparatusused for theseexperimentswas similarto that discussed

previously,only somewhatlargerwith all of the fuel injectedby the

flameholderitself. F1ameholderdiametersof 10,20 and 30mmwere tested

at a Machnumberof roughly2.] in a Lavalnozzleof ]15mmexit diameter

(the differentdiameterflameholdersresultedin a slightMach number

variation).Again,alltestswereconductedat ambienttotaltemperature,

and roughly] atmospherepressure.Hydrogenfuelwas introducednearthe

base through an annular slot. Injection angles of go° (perpendicular to

the freestream), 45°, and0° (parallel to the freestream injected directly

into the base region) were investigated. The rectrculation zone gasses

were sampled with and without flame to infer the fuel-air ratio at

flameout. The ratio of measuredrecirculation zone length to freestream

velocity and the air ratio were used as correlating parameters.
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Winterfeld reports that at the lean limit, the L/d of the rectrculation

zone for the cylindrical flameholder is 2 for both parallel and normal

fuel injection. This allows the results to be cast once again in terms of

the Dezubayparameter and included tn figure 4-4. The lean stability

limit for the diffusion flame is nearly coincident with Dezubay's pre-

mixed data.

Winterfeld'sresults,forpre-mixedanddiffusionflameshelpto reinforce

the extrapolation of Dezubay's correlation to the present conditions of

figure 4-3. However, no hydrogen-air experimental data could be found to

relate the characteristics of two-dimensional flameholders to the

axisymmetric shapesdiscussed above. Someinsight can be gained however

by recalling the argument of Zukoski and Marble that the important

parameter is the length of the recirculation zone, and that this is

determined by the fluid dynamics. In reference 56 Zukoski and Marble

provide data for a circular cylinder mountedtransverse to the flow. The

measuredwake lengths correlated with the square root of the cylinder

diameter for diameters from .19" to 1" and approachflow velocities from

100 to 650 feet per second. For approachflow velocities in excess of

about 300 feet per second, the value of L/D1M was constant at 6.5. The

curious square root dependencewasattributed to boundarylayer separation

upstreamof the diametral plane which is Reynolds numberdependent, and

blockage in the 4" high passageacross which the cylinders were mounted.

Another series of tests were run on an axisymmetric cone-cylinder and a

two-dimensional wedge-plate of thickness equal to the cone-cylinder

diameter. These results showedlittle Reynolds numberdependenceand



74

indicatedthatwakelengthwasproportionaltocylinderdiameteror plate

thickness,andthatthemeasuredL/Dof 2.3was the sameforboththe

axisymetriccone-cylinderand the transverselymountedplate. These

resultssuggestthata two-dimensionalflameholderwillhavestability

characteristicssimilartoadiskofdiameterequaltothetwo-dimensional

flameholder'sheight.

All of the work discussed in the preceding paragraphs gives confidence

that hydrogen-air flame stability will not preclude the successful

application of external burning to the transonic drag problem. No one

experiment however is directly applicable to the current situation of a

two-dimensional, non pre-mixed, supersonic flow at sub-atmospheric

pressure. It is for this reason that preliminary flame stability tests

were conducted in the present test program.

FacilityDescription

The experimental programwasconductedin cell 4 of the Propulsion Systems

Laboratory (PSL-4) at the NASALewis Research Center. PSL-4 is 25 foot

diameter cylindrical altitude chamberused for full-scale direct-connect

turbine engine testing. Large continuous flow compressorsandexhausters,

located tn a separate central air equipment building adjacent to PSL,

supply high pressure air and altitude exhaust capability to the facility

making it ideal for operation of a free-jet. The high pressure air or
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"combustion air" systemwhich normally supplies air to the turbine engine

test article has recently beenmodified_ to provide even higher pressure

and temperature conditions representative of a Mach S compressor face

condition. This was accomplished by augmenting the original heat-

exchanger type air heater with • hydrogen-air burner and oxygenmake-up.

Downstreamof the burner, • 4 foot diameter, approximately 8 foot long

water-cooled Flow conditioning duct is usedto reducedtstortton upstream

of the test article. The free-jet used for the present tests was bolted

to the end flange of the flow conditioning duct. Figure 4-5, taken from

reference 60 is • cut-away drawing showingthe hypersonic modifications. I

The free-jet was installed in place of the "hot pipe" which wasan initial

facility calibration test article. Safety considerations dictated that

approximately 75 poundsper secondof secondaryair be admitted into the

altitude chamberat the forward bulkhead for the purpose of test cell

cooling anddilution of unburnedhydrogen. All freejet and secondaryair i

was exhausted from the test cell through a 55" diameter duct, concentric

with the free-jetnearthe aft end of the chamber.

The desired transonic test conditions did not require operation of the !
L

hydrogen-air heater, although all of the free-jet air did pass through

burners which placed an upper limit on the air flow of about 100 pounds

per second. The original heat-exchangerwas usedduring the present tests

to elevate the free-jet air total temperature from nominally 540° R to

about 1000° R during selected runs. The free-Jet usedwas an existing 12" !

exit diameter, Hach1.26, conical nozzle previously calibrated in the NASA

Langley Hach 4 engine test factltty 61. It was instrumented with three

i
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static pressure taps equally spacedctrcumferenttally at both the throat

and exit. During normal operation, the free-Jet supply pressure was set

so that the average free-jet exit static pressure matched that of the

altttude chamber. Although altitude chamberpressure and free-Jet supply

pressure were controlled separately, tt was possible to maintain the

matchedcondition at the free-jet exit to within .05 psta. The free-jet

installation was capable of providing a range of test conditions from 4 to

12 psia.

Hydrogenfuel was supplied by high pressure tube trailers located outside

the building. Fuel pressure at the free-jet was controllable from 50 to

400 psia, at a nominal temperature of 520°R. A fuel-rich hydrogen-air

preburner was used during initial tests to preheat the fuel to 1500°Rat

equivalence ratios of approximately 13. Operational problemswith this

system precluded it's use for the mostof the test program.

Spraybar Test Apparatusand procedure

The test articleswere a 5/8"diametersectionof spraybar-flameholder

whichspannedtheentire12"free-jetexit. Figure4-6 isa photographof

one of the spraybarmodelsmountedhorizontallyacrossthe free-jetexit.

The 5/8" diameter corresponded to approximately 1/5 scale based on

preliminary stztng calculations for a fuel-lean spraybar injection system.

Figure 4-7 is a three-view drawing showingdetails of the spraybar. The

cyltndrica] leading edge and f]at trailing edge cross-section was
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maintainedovertheentire12"butonlythe center6" was drilledwith

fuelinjectionorifices.Theoriginalmechanicaldesignwasbasedon a

S/8"diameterstainlesssteelpipetowhichstainlesssteelfalrlngswere

brazedat thediametralplaneextendingdownstreamto formthedesired

basegeometry.Thismethodof constructionprovedto be unsuitablewith

thecombinationof heatingandthermalexpansionquicklycausingfailure

of the brazedjoints. Themodelsweresubsequentlyredesigned,being

machinedfroma solidblockof stainlesssteeltothecross-sectionshown

in figure4-7withthetwogo° elbowsweldedon.

Eouivalence Ratio Estimate

In. reducing the flameholding data, a key parameter is the fuel-air

equivalence ratio. For situations where knownquantities of fuel and air

are pre-mixed far upstreamof the flameholder, this parameter is easily

calculated. For non pre-mixed or diffusion flames, gas sampling of the

wake can be used to infer the fuel-air ratio at flameout as was done in

reference 59. For the present case, gas sampling equipment was not

available so a different approachwas taken. From the control volume

analysis, the parameters of importance in external burning are the inflow

air stream height, and the overall equivalence ratio in the external

burning stream. To stze fuel injection orifices a methodof estimating

equivalence ratio based on fuel jet penetration was described in chapter

2. The samemethodwill be used here with the understanding that it is

more an estimate of the overall amountof fuel and air involved in the
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external burning process, than a measureof the actual fuel-atr ratio tn

the wake of the flameholder. It should therefore be thought of as a

correlating parameter for the flame stability results, and not a measured

quantity.

The "penetration ttmes spacing" method previously described will be

outlined here for convenience. The fuel flow ts stmply determined for the

choked injector at a given fuel pressure, temperature and flow

coefficient. For the spraybar with ptlots, the appropriate amountof

pilot fuel is included. The air flow involved is estimated based on

freestream conditions and a flow area defined by the jet penetration times

the orifice spacing. The jet penetration is determined by a correlation

which gives the height above the injection plane where the hydrogen

concentration is ]/2% by volumein terms of the fuel pressure, freestream

conditions and the distance downstreamof the orifice. The distance

downstreamof the orifice at which to calculate the jet penetratfon is

somewhatsubjective, but again doesnot diminish the methodsusefulness as

a correlating technique.

Fuel ][n.jector sizinq

A total of 6, .lO" diametermainorifices injected fuel normal to the

freestream in both directions. •Notethe offset betweenthe three upper

andthree lower orifices in figure 4-7. Theorifice size andspacingwere

designedto give fuel-air equivalenceratios in the fuel-lean rangebased
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on the penetration times spacing estimate. The spraybar pictured in

figure 4-7 had 15, .020" diameter pilot orifices which injected

approximatelylO_ of the fuel dtrectly into the wake. A spraybarwithout

these ptlot orifices was also tested. Gtven m range of freestream

pressuresfrom 4 to 12 psia, and fuel pressuresfrom 50 to 400 psta,

operating envelopes can be constructed in terms of the estimated

equivalenceratio andthe Dezubaystability parameter. Theseoperating

envelopesare pictured in figure 4-8 for different values of x/d" which is

a free parameterin the jet penetration correlation, and free-jet total

temperaturesof 540° and960° Rankine. Ambienttemperaturefuel, andan

orifice flow coefficient of .8 was assumedin all cases. Within a given

envelope, increasing fuel pressure increasesthe equivalenceratio along

a vertical line. Increasing altitude (reducing static pressure),

increases the value of the Dezubaystability parameter. The effect of

increasing the assumedx/d" is to increase the value of jet penetration

used to define the air flow in the equivalence ratio estimate (see

equation 2-27). This increase in air flow at constant fuel flow reduces

the equivalenceratio proportionately. Fortunately, the jet penetration

dependson x/d* to approximatelythe 1/4 power,so that a large variation

in the assumedx/d" has relatively little effect on the estimated

equivalence ratio. This is demonstratedin figure 4-8 where x/d" is

increasedby a factor of 4, andthe maximumequivalenceratio is reduced

by 47_. For the spraybar with no pilot injectors, the calculated

equivalenceratios are reduced'byIOn. l
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InstrumenTation

To define flame stability limits, only the freestream and fuel conditions

need be known,along with someway of determining whenthe barely visible

hydrogen-air flame extinguishes. The freeJet nozzle throat endexit were

instrumented with three static pressure taps each, equally spaced

clrcumferenttally. Total pressure andtemperature were measuredat three

points on the large flange visible in figure 4-6 to which the freejet was

attached. An open1/16" stainless steel tube wasstrapped to the spraybar

base to measurebase pressure.

An infra-red video camera, mountedinside the altitude chamberhad been

used previously to monitor the surface temperatures of turbojet engine

components. For the present investigation, the camerawas mountedso as

to look through the external burning plume. The field of view obtained

with the wide angle lens used is depicted in figure 4-9. The 2.0 to 5.6

micron tndium-antimonide detector in the cameraprovided a good imageof

the 2.6 micron water vapor emission in the external burning plume. This

was the primary methodused to determine flame-out.

A schlieren system was set up inside the altitude chamber in close

proximity to the free-jet providing the 6" by 12" field of vetw also shown

in figure 4-9. Vibration, test cell cooling air flow, and altitude

conditions resulted in a rather severe environment for the sensitive

schlieren optics and xenon light source. In spite of numerous

difficulties, useful information was obtained from the systemduring much
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of the test program.

A water-cooled probe was used to obtain total temperature proftles ]8"

downstreamof the free-jet extt. The probe had •stngle trtdtum-40_

rhodium vs. trtdium thermocoupleof bare wtre tn crossflow construction.

An electrtc screw-type actuator provtded 10" of travel allowing

measurementfrom 8 tnches below the free-Jet axts to 2" above •s showntn

ftgure 4-9. The data reduction schemefor this measurementts tncluded as

appendix c.

A color video camera with remote pan, tilt, and zoomprovided a good

overall view of the experiment looking upstreamfrom abovethe free-jet.

Iqnition System

Ignition was accomplished during initial tests by strapping a ceramic

insulated electrode to the flat base of the flameholder. This electrode

was connectedto • 10,000 volt continuous transformer arctng directly to

the spraybar. The Insulated electrode often burned away following

tgnttion prompting the installation of a translating spark plug

arrangement. Both tgnttton systemsare vistble tn Ftgure 4-6. The long

vertical tube is the translating tgnttor showntn the extendedposition.

The tube ttself acted as the ground electrode, and contained the high

voltage electrode which arced agatnst tt at the tube end. Following

ignttion the tube was withdrawn completely out of the free-jet flow by •
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pneumaticcylinder. The .060" sparkgapwaspositionedapproximately1/8"

downstreamof the spraybarbaseat the elevation of the uppersurface.

Test Procedure

The test cellpressurewas set firstto thedesiredlevel,thenfree-jet

supply pressurewas increasedto the calculatedvalue of stagnation

pressurefor an isentropicMach ].26flow. The stagnationpressurewas

thenadjustedslightlyso as to matchthemeasuredaveragefree-jetexit

staticpressureto the testcellpressure.With the free-jeton-design,

the fuel-richhydrogen-airpreburnerwas ignitedproducingfuelconditions

of approximately1500° Rankineand 350 psia. Model ignitionwas then

attemptedwith the sparkignitor. Followingignitionthe air supplyto

the fuelpreburnerwas shutoff andthe fueltemperaturequicklydropped

to ambient. Ignitionof the modelin thismannerwas only possibleat a

free-jetexitstaticpressureo_ IO psiaor greater,andeventhenwas not

assured, lacticssuchas varyingthe preburnerair supplypressurethus

varyingthe unburnedfuel fractionand temperature,and cyclingthe

ignitor actuator to changethe spark location were often used to achieve

ignition. A catastrophic failure in the preburner fuel-air valving system

during the spraybar tests prevented its use for the rest of the program.

Without hot fuel, an alternate methodof ignition was adopted in which the

free-jet stagnation pressure was reduced until the free-jet exit Mach

numberbased on the exit static pressures was about 0.8. Ignition of

ambient temperature fuel at the subsonic Mach number was muchmore
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consistent and was used for the remainder of the program.

Following ignition of the spraybar, the free-jet supply mnd test cell

pressure were adjusted simultaneously to the desired altttude condition

wtth fuel pressure at or near the maximumavailable. Thts corresponds to

moving along the maximumfuel pressure line on the operating maps of

figure 4-8. As stated earlter, the free-Jet supply and test cell

pressures were controlled independently byseparate personnel. During the

altitude change process the free-jet did stray off-design, sometimes

causing Instabilities and flame-out. In general, once the desired

altitude condition was set with the free-jet on-design, fuel pressure was

reducedslowly, reducing the equivalence ratio at a constant value of the

Dezubayparameter until flame-out occurred.

I
J_esults

_praybar Base Pressure Heasurement_

1

During tntttal runs with the spraybar Installed in the free-jet, a

terminal shockappearedin the schlteren imagedownstreamof the spraybar.

This wasnot unexpectedat the Hach1.Z6 freestream condition, howeverthe

shock position did change as the free-jet strayed off-design, prompting
I

interest in the sensitivity of the spraybar base pressure to the free-jet

exit pressure ratio, since pressure affects flame stability. Figure 4-10

showsschlieren images of the free-jet operating slightly overexpanded,

i
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on-design, andslightly underexpanded.The terminal shockis seenclearly

on either side of the spraybar wake. The schlteren knife edge was

oriented horizontally resulting in the apparent lack of symmetryfrom top

to bottom. In figure 4-]], the effect of shockmovementon the spraybar

base pressure is shown. Thebasepressure is three-tenths of the free-Jet

exit pressure and is insensitive to shock movementfor on-design and

underexpandedconditions. The base pressure rises sharply howeveras the

free-jet becomesoverexpandedandthe shockmovesupstream. As a result,

a rather tight tolerance was put on the acceptable operating condition for

the free-jet. Except for cases where the free-Jet was deliberately

operated off-design, andduring altitude changes, all of the spraybar and

expansion ramptests were run at free-jet exit pressure ratios of between

.99 and ].0]. The back pressure for the terminal shock then is the same

as the free-jet exit pressure, and this was deemed to be most

representative of a flight condition.

The effect of combustion on the base pressure is shownin figure 4-]2.

External burning increases the pressure ratio to about .7 regardless of

altitude or fuel pressure. Although not the purpose of the spraybar

tests, this represents a significant reduction in the drag of the spraybar

or any other two-dimensional step flameholder which maybe employed.

F]ameStability

Conditions at which the flame extinguished appear in figure 4-13 for the
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: piloted spraybar, in terms of the penetration times spacingequivalence

ratio and the Dezubaystability parameter. An x/d" of ten was usedto

calculate the equivalenceratio, and the correspondingoperating envelope

is also shown. No flame-outs occurredat ]Z psta at the minimumfuel

pressure. Filled symbolsdenote flame-outs that occurredat high fuel

pressureduring an altitude change. Since the free-Jet design condition

could not be maintainedduring this operation, these points are somewhat

anamalousbut are includedfor completeness.Theflame-out points fall in

a bandsomewhatoutside the Dezubaypre-mixedstability boundary.This is

not unexpectedsince as discussedearlier the penetration times spacing

equivalenceratio maynot accurately represent the local fuel-air ratio in

the basewhichcontrols flame stability.

Even withoutdetailedknowledgeof the local equivalenceratio,this

resultprovidesconfidenceinthe.Dezubaycorrelationforexternalburning I

conditions.A non pre-mixed,two-dimensionalsystemcan be expectedto

work at altitudeto valuesof the Dezubayparameterin excessof 800 at

stoichiometricor slightlyfuel-richconditions.For a fuel-leansystem,

operationwouldbe limitedto lowervaluesof the Dezubayparameter.In
I

the designof a flightsystem,the extrastabilitymarginaffordedby

stoichiometricoperationmust be weighedagainstthe performancebenefit

of fuel-leanoperationshownby the controlvolumeanalysis. For small-

scale drag reductionexperimentswhere the flameholderdimensionis

disproportionatelylarge to begin with, a sto|chiometrlcsystem is (

desirable.

I
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The spraybarwithoutpilotorificeswas testedin the samemannerwith

ignitionatsubsonicspeedandambienttemperaturefuel.Despiterepeated

attempts,flame-outalwaysoccurrednearMachoneasthefree-Jetsupply

pressurewas increasedtowardthesupersonicdesignvalue.

Effect of Elevated Free-Jet TemDerature

A flame-outthatoccurredat elevatedfreestreamtemperatureat 6 psiais

alsoshownon figure4-13. Forstaticpressuresof 8 psiaandgreaterthe

flamewas stabledown to the•minimumfuel pressurewith no flame-outs.

Curiously,repeatedattemptsto set a 4 psia conditionat maximumfuel

pressureresultedinflame-out.The 4 psiaconditionat 960° R represents

the lowestReynoldsnumbertestedbeingabout2.7millionper footaswell

as the lowestfree-jetmassflow. Controlof thefree-jetduringaltitude

changesnear theseminimumflow conditionswas difficult. Off-design

excursionsand reducedfuel-airmixingratesprobablybothcontributedto

thesehigh fuel pressureflame-outs.Note that the operatingenvelope

shownin figure4-]3appliesonlyto the540°Rpoints;referto figure4-8

for the g60°Renvelope.

The Dezubayparametercontainsno explicittemperaturedependence,so one

would not expect it to correlatedata with varyingtemperature.The

effectof highertemperatureisto increasetherateat whichthechemical

reactionstake placetherebyreducingthe ignitiondelaytime. Basedon

the argumentspresentedearlierthistranslatesintoa higherfreestream
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velocity at flame-out for the samesize flameholder. Thus, the stability
l

limit at elevated temperature should occur at greater values of the

Dezubay parameter. Since the total temperature in flight during an

acceleration through the transonic regime will increase wtth increasing

velocity, a limit based on data at ambient total temperature is

conservative. The Dezubay parameter is therefore sit11 considered [

acceptable for the external burning situation.

$¢alinq _f Small-Scale Test Results
I

In anticipation of the smaller scale drag reduction experimentswhichwere

conductedfollowing the spraybar flame stability tests, an attempt was

madeto determine whether or not sub-scale experimental results would be

adversely affected by the finite rate at which hydrogenand air react. [

Knowledgeof "chemical kinetics" as it affects ignition andreaction delay

is important in assessing any small-scale external burning test result

since these characteristic times dependon fuel type, fuel-air ratio,

pressure and temperature but do not vary with model scale. A one
I

millisecond ignition delay at the freestream velocity will correspondto

a greater fraction of the model length at small-scale than at full-scale.

This could lead to unrealistically poor performance and flame stability

problems at the model scale. For the present case of non pre-mixed
I

hydrogen and air streams, the rate of fuel-air mixing also plays an

important role in the combustion process and is properly modeled by

matching the Reynolds number. If the delay caused by the reaction

l
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kineticsisinsignificantcomparedto thatresultingfromfuel-alrmixing,

the process is said to be "mixinglimited'. For a mixing limited

situation,sub-scaleresultswouldbe similarto full-scaleat the same

Reynoldsnumber. A commonpracticein combustortestingis to use full

scalehardware(atleastin the axialdirection)thus makingscalingor

correctionfor chemicalkineticseffectsunnecessary.Fullscaletesting

of the entire aft end of a flight vehicleis impracticalhowever,

especiallyin the 12" diameterfree-jetavailable. In the interestof

determiningwhetheror notthe spraybartestsweremixinglimited,,infra-

red imagesof the plumeat elevatedfree-jettemperatureandpressurecan

be comparedto imagesat thesameReynoldsnumber,butreducedtemperature

and pressure.The fuel-airmixingprocessshouldbe similarforthe two

conditions,so a differenceintheplumecharacteristicscanbe attributed

to non-equilibriumreactioneffects.If the imagesshowcomparableaxial

distributionsof hot watervapor,the processcan be consideredmixing

limitedas longas the differencein freestreampressureand temperature

was sufficientto appreciablyalterthe reactionrates.

\

A free-jetexitstaticpressureof 12psiaat a totaltemperatureof g60°R

resultsin a unit Reynoldsnumberof 4.g _lllionper foot. The same

Reynolds number occurs at a static pressureof 6 psia and total

temperatureof 540° R. To confirmthat thedifferencein reactionrates

betweenthe two test conditionsis adequateto alterthe plumeif the

processis notmixinglimited,referenceis madeto theworkof Bahn_who

studiedthe effectsof pressure,temperatureand fuel-airratio on

hydrogen-airkinetics.Bahn'sanalyticalapproachinvolved25 reactions
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andwasused to computeignition delay andtime to complete reaction. The
!

ignition delay was defined as the time to maximization of HOz which was (

found to play an important role in the ignition process. The time to

complete reaction was defined arbitrarily ms the ttme tt takes for the

reaction to proceed to a temperature of 2200°i(. The lack of a strict

definition is of little consequencehoweversince the complete reaction (
occurs almost instantaneously following ignition. The calculations were

carried out at constant pressure for given inittal temperatures and fuel-

air ratios.

I
For the present purpose of estimating the difference in reaction time

betweentwo test conditions, the pressures are relatively well defined as

6 and 12 psia, but the appropriate initial temperature and fuel-air ratio

are not. Fortunately, the effect of fuel-air ratio was found to be small

for equivalenceratiosfrom1/4 to 4. If the free-jettotaltemperature l

is assumedfor the initialmixturetemperature,an unrealisticallylong

ignitiondelaywouldbe predicted.Infactthelowestinitialtemperature

reportedby Bahnwas 650°K(1170°R)forwhichthe computedignitiondelay.

is overeightminutes.Theappropriateinitialtemperaturemustobviously
!

be nearerthat of the flameholderrecirculationzone sinceignitionand L

reactiondid occurjust downstreamof the spraybar. Usingan average

free-jetvelocityand a distanceof one footgivesa time incrementof

about .8 millisecondfor which an appropriateinitial temperature

according to Bahn's charts would be about ]O00°K. K

In the pressureandtemperatureregimeof presentinterest,the effectof

{
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pressure is not clear. A "double reversal" occurs near one atmosphere

where increasing pressure causesa sharp rise in the ignition delay time.

At higher or lower pressure the usual trend of reducedignition delay with

increased pressure applies. Thedoubling of freestream pressure from 6 to

12 psta therefore cannot be relied on to reduce the ignition delay. The

effect of temperature however exhibits no such reversal, and a IO0°K

increase in tnttial temperature, results in roughly an order of magnitude

reduction in ignition delay time. The reaction length should be

significantly shorter then at the elevated free-jet temperature. If the

combustionprocess is not mixing ltmited, i.e. if the reaction length is

significant comparedto the distance required for mixing, combustionwill

appear further upstream.

Before examining the infra-red images, a brief explanation of the

calibration method will be given. The infra-red signal generated by

hydrogen-air combustionproducts in the 2 to 5.6 micron detector radge is

largely due to hot water vapor which emits at a wavelength of 2.6 microns.

The amplitude of the signal dependson the molar density, temperature, and

emmtttanceof the water vapor as well as the path length or thickness of

the plume. The infra-red imaging system which consisted of the video

cameraand a processor records anddisplays temperature contours over the

entire field of vtew based on a single emtttance tnput by the user. This

is an adequate approachfor mappingthe surface temperature of a gray body

but is not suitable for measuringgas temperatures. The emmtttanceof the

plume at 2.6 microns varies with temperature so a single representative

emmitance which would properly convert the radiation signal into
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temperaturedoes notexist. The approachtakenwas to recordthe Images

with the emmittanceset to one, then calibratethe temperaturesuslng

totaltemperaturedatafromthewater-cooledprobe. Measuredtemperature

profileswerecomparedto temperaturesreportedby the cameraat the same

locations. The minimumand maximumtemperatures reported by the camera

were assigned the measuredminimumandmaximumtemperatures resulting tn

a linear mappingbetween cameratemperature and actual gas temperature.

This mappingwas then applied throughout the entire field of view. This

approximate approach Implies a one to one correspondencebetween the

radiation signal andgas temperature which maynot be strictly valid, but

is adequate for the present purpose of makinga qualitative comparison.

Calibratedinfra-redimagesof the plumeat the nominalfree-jettotal

temperatureof 540° R appear in figure4-]4 for two differentfuel

pressures.The totaltemperatureprofilesusedto calibratethe images

are shownin figure4-14c. The infra-redimagesare somewhatcoarse,

consistingof a 256 by60 array,andexhibita horizontalfeaturewhichis

a characteristicof the imagingsystemandnot of the plume. Combustion

is more vigorousat 350 psiaas evidencedby the imagesas well as the

(
temperatureprofiles.The 250psiaconditionis nearthestabilitylimit.

Someasymmetryfrom top to bottom ts noted and the reason for this is not

known. Most importantly though, a delay in the onset of combustion is

seen at both fuel pressures. Infra-red images at the same Reynolds

number, but at the elevated,free-jettemperatureand pressureare (

presentedin figure4-]5alongwiththe temperatureprofilesusedforthe

calibration. Again, combustionis more vigorousat the higherfuel

(
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pressure, although neither case is near the stability limit, and again a

slight asymmetryis apparent. The mostprominent difference between the

hot and cold cases is the reduceddistance from the spraybar to the onset

of combustionfor the hot case. In maktnga qualitative comparisonof the

hot and cold images, the unavoidable slight differences in estimated

equivalence ratio and jet penetration should be noted. The Jet

penetration being of somewhatmore significance since the ignition delay

is relatively insensitive to equivalence ratio.

The overall impression given by the infra-red images and temperature

profiles is that the increased freestream pressure and temperature did

cause a reduction in the ignition delay distance at the sameReynolds

number. The spraybar combustionprocess at this Reynolds numberthen is

not mixing limited, being affected to a degree by a changein the reaction

kinetics. This result implies that model scale would have an affect on

the performance of external burning. Sub-scale test results howeverwould

be conservative, since flameholding would be moredifficult, andany heat

release occuring downstreamof the test article probably serves no useful

purpose. Although detailed small-scale experimental results may not

directly apply to a larger scale flight vehicle, successful application of

the externalburning concept at small-scale leads to a high confidence in

full-scale success.

ExpansionRampTests Apparatus8nd Procedur_
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The objectives of the expansionramptests were to vertfy drag reduction,

and provide data for comparisonto analysis results. Figure 4-]6 serves

to Illustrate that although the expansion ramptests were preliminary and

generic in nature, the model geometryused is related to the aft end of a

representative vehtcle. The upstream flat surface from which fuel was

tnJected represents the engine cowl. The downstreamsurface which ts
i

deflected lZ ° represents the deflected cow1and exhaust shear layer. The

12° turn generates a Prandtl-Heyer expansionandcorresponding low pressure

which external burning is to eliminate.

(
A 3-view drawing of oneof the expansionrampmodels appears in figure 4-

]7. Two models were constructed, identical except for the spacing and

diameter of the fuel injection orifices. Eachmodel was machinedfrom a

single slab of 3/4" thick stainless steel. The expansion surface

downstreamof the 12° corner was flame-sprayed with a zirconium-oxide i

coating which provided the only thermal protection other than the

freestream air which impinged on the unfueled side of the ramp. The

models were instrumented with two rows static pressure taps, 18 on

centerline, and ]2 off-centerline as well as two static pressures on the I

3/4" high base. A row of 5 thermocoupleswere imbeddedin the expansion

surface to monitor surface temperature. The "baseline" flameholder shown

is a 1/8" high by ]/4" wide piece of stainless steel bar stock mounted

such that the tratltng edge was coincident with the ]2° corner. The
!

expansion rampmodelswere Installed in the free-Jet in muchthe sameway

as the spraybars. A photographof the expansionrampInstallation appears

in figure 4-18. The sidewalls extending beneath the modelwere installed

i
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to preventthe higherpressureair undertheexpansionrampfromspilling

aroundand affectingthe externalburningprocess.Gaseoushydrogenfuel

was suppliedthroughthe right(lookingupstream)90° elbowvisiblein the

photo.

The Infra-redcamera,Schlierensystem,andwater-cooledtotaltemperature

probeasdepictedin figure4-9 were alsousedduringthe expansionramp

tests.

Fuel InjectorSizinQ

The fuel injectorson the two modelswere sizedfor zerodrag usingthe

designprocedureoutlinedin chapterII (seeequations2-30and2-3]). An

x/d° of ]0 was used in the jet penetrationcorrelation.The fuel-lean

designhad 8, .044"diameterorificesfor zero drag at an equivalence

ratio of I/2. The other model was designed for zero drag at

stoichiometricconditionswith26, .025"diameterorifices.All orifices

wereequallyspaced anddrillednormaltothe surfaceI/2"upstreamof the

IZ° expansioncorner. Totaltemperatureprofilesjustdownstreamof the

modeltrailingedge obtainedin initialtestsof the 26 injectormodel,

suggestedthat the equivalenceratiosactuallyobtainedwere somewhat

lower than predictedand that an x/d* of 30 in the jet penetration

correlationwould be more appropriate. This lowers the estimated

equivalenceratiosby about26%. An x/d*of 30 is thus implicitin any

subsequentmentionof estimatedequivalenceratiofortheexpansionramps.
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Noresults are reported for the low equivalence ratio, 8 tnjectormodel as

it was unsuccessful in sustaining combustion in the Mach1.26 flow. It

was subsequentlyredrtlled with 56, .018" dtameter injectors for zero drag

at stotchiometrtc conditions using an x/d" of 30. This design exhibited

good flame stability.

FlameholderSizinq

Duringthe initialdesignof the expansionramp models,it was unknown

exactlywhat sizeflameholderwouldbe appropriate.Giventhe relatively

smallmodelscale,a disproportionatelylargeflameholderwithrespectto

the fueledstreamheightwouldbe requiredto remainwithinthe Dezubay

pre-mixedstabilitylimitfor all testconditions.Duringinitialtests

of the 26 injectorconfiguration,an attemptwas made to stabilize (

combustionwithouta flameholder,usingonlythe disturbancecreatedby J

the fuel injectionprocess. Whilestablecombustionwas maintained,the

flameholdingsite as evidencedby the infra-redvideo monitor was

coincidentwith a boundarylayerseparationhalfwaydownthe rampsurface

and had littleeffecton the ramp surfacepressures. The need for a (

f]ameholderto initiatecombustionfurtherupstreamwas apparent,and the

1/8"heightof the"baseline"flameholderwasdeterminedto be theminimum

conceivableIn the followingmanner. Figure4-19 depicts operating

envelopesforthe26 injectordesignin termsof theDezubayparameterand
(

estimatedequivalenceratiofor I/8"and 1/4"highsteps. The dimension

used in theDezubayparameteris twicethe stepheightdue to symmetry;a

I
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step actuallyrepresentsone-halfof a spraybartype flameholder.The

I/4"stepfallswithinthestabilitylimitovermuchof thealtituderange

at highfuelpressure,butisdisproportionatelylarge. Theminimumvalue

of the Dezubayparameterfor the I/8"stepis lowerthan800, butoutside

the stabilityloop due to the low estimatedequivalenceratio. The

equivalenceratio is a globalvaluethough,and it was thoughtthat the

mixturein the flameholdingregionwouldvaryenoughthat stoichlometric

regionswouldexist. Also,the disturbancedue to fuelinjectionshould

afford additionalstability. Finally,the stabilitylimit shown is

obviouslynot exact,beingonlya guidelinebasedon limiteddataat these

conditions.Itwas thusdecidedto beginwitha 1/8"stepas thebaseline

flameholder.

Test procedure

The fuel pre-heaterwas not usedduringthe expansionramp tests. Fuel

temperatureas measurednearbothgo° elbowswasnominally520°R. Unless

otherwisenoted,all testswere run at a free-jettotaltemperatureof

540°R. As with the spraybartests,ignitionwas accomplishedusingthe

translatingsparkignitorat a subsonicfree-Jetcondition. The .060"

sparkgap was positionedapproximately]/16"downstreamof the trailing

edge of the flameholder,withthegroundelectrode1/16"off of themodel

surfacewith the ignitorfullyextended. The inabilityof the sparkto

ignitethe modelat the Mach 1.26 conditionis considereda resultof

incorrectsparkpositioning.Adjustingthe sparkpositioninvolveda
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relatively lengthy facility shutdownand hydrogenpurge procedure and so

an optimumposition which may havemadesupersonic ignition possible was J

not pursued. Following ignition, the free-Jet supply pressure was

increased to the design value and the altitude condition was set in the

: samemanner as in the spraybar tests. Once on condition, data was

generallytakenat variousfuelpressuresfrommaximumto flame-out,with (
fueloff,and withfuelon at the maximumfuelpressurebut not burning.

ExpansionRampTest Results
I

The baseline configuration consists of the 26, .025" diameter fuel

injection geometrywith the 1/8" high by ]/4" wide flameholder. Results

for this configuration will be presented in detail first, with comparisons

to the controlvolumeanalysis.Thisis followedby resultsof modeland (
testcellmodificationsdoneto studyfacilityinterference,andreconcile

the experimentaldatawiththecontrolvolumeanalysis.Next,the effect

on performanceof a numberof perturbationson thebaselinefuelinjection

andflameholdinggeometryisgiven. Finally,flamestabilitydataforall

of the modelconfigurationsis presented.A summaryof expansionramp I

Configurationstestedis givenin table4-1, and detailsof the various

flameholdersare containedin appendixD.

I

Baseline Performance

(
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The aerodynamics of the expansion rampwtth fuel off is somewhatmore

complex than was originally desired. Figure 4-20 showscenterllne and

off-centerltne pressure distributions over the range of ambient pressures

tested. A dotted line representing a 12° Prandtl-Meyer expansion is also

shownfor reference. At the leading edge, a pressure coefficient of -.3

exists, followed by a rapid compression. The expansion at the leadtng

edge is attributed to an upwashcausedby a detachedbowshock. Themodel

leading edgewas sharp with the upper surface parallel to the freestream,

but the lower surface was at a ]4° angle. The 5° required for an attached

shockat Mach1.26 was impractical given the length available. Since the

bowshockat Mach1.26 is nearly tsentropic, the flow is again supersonic

following expansion around the knife edge. Another bow shockcausedby

the flameholder then causes the compressionto a pressure coefficient of

roughly .25. The expansion around the flameholder base and ]2° turn is

evident at modelstation3. The centerline pressure distributions showan

initial overexpansion followed by a recompresstonto a region of constant

pressure at roughly the Prandtl-Meyer value. At modelstation 6, a "hump"

in thedistributionsis seenwithpressurerisingto greaterthanambient,

thenreducingto nearthe sub-ambientbasepressureat the trailingedge.

This is characteristic of a shock-boundarylayer interaction which ts not

unexpectedat transonic conditions. The magnitudeof the humphowever is

influenced by wave reflections from the free-jet boundary. This will be

discussed in a subsequent section on facility interactions. The off-

centerline distributions do not exhibit the region of constant pressure at

model station 6, andonly rise to ambient pressure at about model station

]0, but are in general similar to the centerline distributions which
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indicateslittlepotentialfortransverseflowontherampsurface.Both

centerlineand off-centerlinedistributionswithfueloff showlittle

variationwithaltitude.

The result of simply injecting fuel with no subsequentcombustionon the

centerltne pressure distributions is shownin figure 4-21 where the fuel

off and fuel on distributions are plotted together. The effects are most

pronouncedat 4 psia where the jet penetration and estimated equivalence

ratio are maximum,andReynoldsnumberis minimum. The influence of fuel

injection is felt upstream, all the way to the leading edge for the 4 and

8 psia conditions. Downstreamof the expansion, the effects are slight at

8 and 12 psia, but at the 4 psia condition, the pressure force on the ramp

is clearlyreduced by fuelinjection.

Following the subsonic ignition procedure, combustionwas sustained at l
I

Hach 1.26 to a minimumestimated equivalence ratio of 0.5. A visual

observation of the flame indicated that it was attached at the 1/8" high

flameholder. Pressure distributions during external burning at various

fuel pressures and altitudes appear in figure 4-22. External burning
(

eliminates the overexpanston at model station 3, and results in a

relatively constant pressure along the entire ramp length. The base

pressure measuredon the 3/4" modeltrailing edgemoreclosely matchesthe

ramp surface pressures with combustion. The effects of fuel pressure and

altitude are almost negligible despite large changes in the jet

penetration and estimated equivalence ratio. The flat nature of the

pressure distributions and the fact that the base pressure is not

!
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significantlydifferentare indicationsof theellipticnatureof theflow

on the ramp. Unfortunately,it is difficultto distinguishbetweena

separated flow, andan attached flow driven subsonicby combustiona_ both

mayresult in the observedpressure distributions. The 2-D Euler results

of chapter III indicated that a sharp pressure gradient may accompanythe

transition to subsonic flow within the plume, which substantiates the

separation argument, but without detailed off-surface measurements,it is

difficult to distinguish betweenthe two.

The 35mmcamerasystemusedto take still Schlieren photoswas unavailable

during runs with the baseline configuration, but was installed for

subsequent tests with other model configurations. Features of the

Schlieren images changedlittle however for all configurations tested as

evidenced by a video monitor in the control room. Typical Schlieren

images with fuel off, and with external burning appear in figure 4-23.

The profile of the modelupper surface is clearly visible to a point near

the trailing edge. The sharp leading edge of the model is at the

intersection of the upper surface with the sidewall profile but is

obscured by the 5/8" diameter elbows used for support and fuel supply.

The bowshockstanding off of these tubes is evident in all of the images,

and is nearly coincident with the fuel injection and flameholding

disturbances. The fuel off image showsmuchmore shock structure, and a

separationpointroughlyhalfwaydown the ramp surface. With external

burning,the most prominentfeatureis thedensitygradientat the plume

boundary.Much lessstructureis evidentinthe freestreamapparentlyas
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a result of reducedturning as the plumefills the void left by themodel.

Within the plume, the absenceof any structure indicates subsonic flow,

but from these images alone it is impossible to distinguish between an

attached flow driven subsonicby combustionand z separated flow.

Total temperature profiles obtained 4" downstreamof the expansionramp

trailing edge and 1" off the centerltne are shownin figure 4-24. The

effect of increasing fuel pressure and altitude is clearly seen as both

the temperature andvertical extent of the plume increase. Fuel pressure

and altitude increases result in higher jet penetration and estimated

equivalenceratio. Temperaturesapproachinghydrogen-airstoichiometric

are seenat the highestaltitude,4 psiacondition.The markedvariation

in plume characteristicsis in sharp contrast to the pressure

distributionsof figure4-22whichshowedlittleor no variationwithfuel

pressureor altitude.The profilesexhibita definitepeaknearthefree- [

jet centerlineat the boundarybetweentheexternalburningplumeandthe

freestream.The lowerboundaryof the plumeis lessdefinite,extending

below the elevationof the model base. No inferencecan be drawn.

regardingthe stateof the boundarylayerfromtheseprofiles.
I
L

Infra-redimagescorrespondingto threeof the temperatureprofilesof

figure4-24 appearin figure4-25. The imageswere calibratedusingthe

same procedureoutlinedpreviouslyfor the spraybartests. The same

temperature scale was used for all three of the images so a direct t

comparison can be made. Hot model surfaces appear as saturated regions

since the calibration used is only valid in the plume. Dramatic increases

{
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in the size and intensity of the external burning plume are apparent as

the estimatedequivalenceratioincreases.At the highestequivalence

ratio,a coolerregionnear the rampsurfaceis visible,and a delayin

the onsetof combustionisapparentwiththemaximumtemperatureoccurring

near the trailingedgeof the model.

Comparisonto ControlVolumeAnalysis

The controlvolumeequationspresentedin chapterII predictthe axial

thrustcoefficientgiventhe modelgeometry,freestreamconditions,and

the inflow stream height and equivalenceratio. Since it is more

practical to specifyas input the fuel conditionsand fuel injector

geometry,the inflowstreamheightand equivalenceratiowere estimated

usingthe jet penetrationand the penetrationtimesspacingmethod. In

attemptingto matchan experimentalresult,it is of interestto @nsure

that the inflowstreamheightand equivalenceratioestimatesare not

seriouslyin error. To thisend,the totaltemperatureprofilesmeasured

approximately4" downstreamof the model trailingedge are takento

representthe outflowtemperature,and are comparedto the equilibrium

temperatureat theestimatedequivalenceratioused in thecontrolvolume

analysis. The penetrationtimesspacingmethodyieldsthisequationfor

the equivalenceratio:
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One of the assumptionsin the control volumeanalysis is that the tnflow

and outflow conditions are uniform. To obtain a representative value of

totaltemperaturefromthemeasuredprofiles,all temperatureswithin20%

of the peak were averaged. Theseaverageplume temperaturesfor the

baselineand all of the otherconfigurationstestedat ambientfree-jet f

total temperatureare plotted in figure 4-26a versus the estimated

equivalenceratioobtainedfrom equation4-3 usingan x/d"valueof 30.

Thesedata encompassall of thedifferentflameholdergeometries,andtwo

differentspacingratios (the 26 and 56 injectormodels)as well as [
variousothervariationsincludinguppersidewalls,fairings,etc. A

degreeof correlationis providedby equation4-3 but the data seemsto

stratifyintotwo separategroupsrepresentingthe two differentorifice

spacingratios,andfallsbelowthe equilibriumcurvefor lowequivalence
I

ratios. Since the control volume analysis uses the equilibrium curve,

this would result in an Optimistic performance prediction. The

penetration times spacing method, which seemsto provide the appropriate

functional form, can be revised to provide a better degree of correlation

based on the present data. First, the exponent on spacing ratio is

changedto 1/2 to collapse the data into a single curve. A better fit

with the equilibrium values results from changing the fuel pressure

i
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dependence from an exponent of .517 to 1.0, and adjusting the constant

from 5.304 to .336. Thex/d° term is also lumpedinto the constant and the

revised equation for estimating equivalence ratio is as follows:

Coo,, .129c, P-.o) t:)o [4-4] ,

The average plume temperatures are replotted using the newestimate in

figure 4-26b. Equation 4-4 gives a good estimate of the "effective"

equivalence ratio based on the experimental outflow temperatures. It

reflects any reduction in combustion efficiency caused by incomplete

mixing and ignition delay. Since these factors may dependon scale and

model geometry, the validity of equation 4-4 outside the range of

parameters in the present experiment cannot be guaranteed. It is now

simplya correlationwith it's functionalform suggestedby physical

reasoning,and exponentsadjustedintuitivelyto matchthe presentdata.

The equivalenceratioso definedwill be referredto as the correlated

equivalence ratio in all subsequentdiscussion.

Given the correlatedequivalenceratio, and measuredfuel flow, the

correspondingamountof air involvedcan be determined,which is in

generaldifferentthanthatgivenbythepenetrationtimesspacingmethod.
!

Assuming that the inflow stream height is still equal to the jet

penetration,the inflowconditionscouldbe adjustedso as to give the
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propermassflow.Thiswouldleadto an Iteratlveprocessthough,sincean

adjustmentin the Inflowconditionswould affectthe Jet penetration.

Alternatively,freestreamcondltlonscanbe assumedforthe Inflow,and a

streamheightconsistentwiththe alrflowcanbecalculatedindependentof

the Jet penetrationcorrelatlon.Takingthis approach,the effective

heightof the air streamis givenby the following:

yo s6. 8 [4-S]
Yb (Pc.,.slPc.o)"''3

Note that the inflow streamheightcalculatedin this manneris only a

functionof the orificegeometry,and the freestreamHach number,and is

independentof fuelandfreestreamconditions.The equivalenceratioand

inflowstreamheightgivenby equations4-4 and4-5cannow be usedinthe

controlvolumeanalysisas betterapproximationsthanthosegivenby the I

originalpenetrationtimesspacingmethod.

Theexperimentalthrustcoefficientwasdeterminedbasedon area-averaging

the staticpressuredistributions.Separatethrustvalueswere computed (

basedon thecenterlineand off-centerlinerows,thenthe twovalueswere

averagedusinga 2/3 weightingon the centerlinevalue,and 1/3 on the

outboard. This somewhatarbitraryweightingbetweenthe centerllneand

outboardrows is of littleconsequencesincethe pressuredistributions
I

are so similar.Thepredictedandmeasureddragcoefficientsarecompared

infigure4-27. Equilibriumhydrogen-aircombustionandthree-dimensional

expansionassumptionswereusedinthe controlvolumeanalysis.Infigure

(
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4-27a,the penetrationtimesspacingmethodwas usedwithan x/d"of 30 to

estimatethe equivalenceratiofor both the experimentaldata and the

controlvolumeresults,thusthe inflowstreamheightused in thecontrol

volumeestimateequalsthejet penetration.As statedearlier,themodel

wasoriginallydesignedforzerothrustat stolchlometrlcconditions.The

control volume predictioncurve passes through zero thrust at an

equivalenceratiodifferentthanone becausean x/d"valueof I0was used

originallyin the design,and alsothe experlmentallydeterminedorifice

flowcoefficientof .83isnow takenIntoaccount.The equivalenceratio

and inflowstreamheightbasedon the datacorrelationis used in figure

4-27b and resultsin a broaderrangeof equivalenceratios,with the

predictedzero drag point at an even lower equivalenceratio. The

measuredthrustcoefficientshowslittlevariationwlthequivalenceratio

and is belowthecontrolvolumepredictionregardlessof the methodused.

The performanceof external burning in terms of a drag reduction per unit

fuel flow is difficultto assesssinceas statedabove,the fuel off

resultsare susceptibleto interferencefromthe free-jetboundaryabove

the model. To providesomesenseof scalehoweverIt shouldbe notedthat
I

thethrustcoefficientresultingfroma 12°Prandtl-Meyerexpansionis-.4.

The actualfueloffthrustcoefficientwouldbe closerto zerohoweverdue

to the beneficialeffects of boundarylayer separationand three-

dimensionaleffects.

I

FacilityIoteractionstudies

}
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The disparitybetweenmeasuredthrustcoefficientsand thecontrolvolume

predictionmay at firstseem completelyattributableto boundarylayer

separation.However,characteristicspeculiarto the externalburning

flowfleld must be consideredbeforethisconclusioncan be drawn. The

control volumeanalysis (equation 2-g) indicates that the plumevelocity

is weakly proportional to the thrust coefficient. For the slightly

negative thrust coefficients obtained experimentally therefore, the plume

velocity should be nearly equal to freestream. In contrast to a classical

wake f]ow which reaccelerates to the freestream velocity due to large

transverse velocity gradients, the subsonic external burning plume may

persist for a considerably longer distance downstreamof the model in the

absenceof velocity shear. The only mechanismtending to increase the

plumeMachnumberis the reduction in soundspeedcausedby heat transfer

across the plumeboundaries. Pressure distributions on the ramp are thus

susceptibleto upstreamcommunicationofdisturbanceswhichmayoccurwell I

downstreamof the modelsuchas in the facilityexhaustcollector.This

andotherpossiblesourcesof facilityinterferencewhichwerestudiedare

depictedschematicallyin figure4-28.

f

In closeproximityto the model,is a sub-ambientpressureregionat the

3/4" highmodelbase (seefigure4-22). The bluntbaseand the airflow

which is channeledbeneaththe ramp by the sidewallsdoes not exactly

representthegenericexternalburningoutflowconditionsconsideredthus

far, i.e.a simpleturnbackto the freestreamdirection.The factthat J

the pressureson the rampduringburningwere nearlyequalto thisbase

pressuregives rise to a concernthat the model base regionmay have

I
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influenced the results.

The free-jet boundary also provides a possible source of interference,

since disturbances generated by the model would be reflected back and

impinge on the plume as wavesof the opposite family. This would tend to

have an equalizing effect on thrust, since a compressionwave generating

high pressure on the rampwouldbe reflected back as an expansion, tending

to depressurtze the plume.

_ffect of _xhaust Collector Modification

Anyexperiment involving combustionwithin the PSL-4test cell requires an

amountof cooling anddilution airflow consistent with safety guidelines.

This auxiliary air is admitted into the test cell at the forward bulkhead

and flows around the flow conditioning duct and free-jet at about 80 fps

keeping the test cell walls and electronic equipment cool as well as

providing enoughdilution so that if the hydrogenfuel is not burned in

the experiment, the mixture which flows out of the test cell is still

inert. The free-jet air and auxiliary air exit through an exhaust

collector at the rear of the cell which is simply a round duct 55" in

diameter. The leading edge of the exhaust collector was located 51"

downstreamof the model trailing edge, and did not have any type of

bellmouth contour. The relationship of the exhaust collector andmodel is

depicted in figure 4-29. Since the leading edge of the duct was

relatively sharp, the possibility existed of a sharp-lip separation and
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vena-contracta which would cause a low pressure region through which the

external burning plumewouldflow. Theexhaustcollector wassubsequently

instrumented with a rowof ]! static pressure taps showntn figure 4-29.

Pressuredistributions at ambientpressuresof ]2, 8, and4 psta are shown

in figure 4-30 for the 75 ppsof auxiliary air nominally used. The 4 psia

condition where the velocity is highest at the inlet due to the constant

auxiliary air mass flow, showsa definite sharp-lip separation and low

pressure throughout the duct. The possibility of this low pressure

feeding forward to the model prompteda re-installation of the exhaust

collector such that the leading edge was 105" downstreamof the model.

Following this, a study of the effect of auxiliary atr flowrate on the

duct pressure distribution was done at the 4 psia test cell condition.

The results of this study appear in figure 4-31 and indicate that by

reducing the auxiliary air flow to 40 pps, the separation and low pressure

is eliminated. It was concludedthat 40 pps of auxiliary air was still

within safety limits andall subsequenttesting wasdoneat this flowrate.

The effect of reducing the auxiliary air flowrate andmovingthe exhaust

collector entrance downstreamon external burning performance is shownin

figure 4-32 to be negligible however. It can be concludedtherefore that

thelow pressure region located about 5 feet downstreamof the model did

not feed forward through the subsonicplumeand reduce performance.

[ffect of PlumeBoundarySimulptor

The trailing edgeof the modeldoesnot exactly represent the intended

[
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geometrydepictedin figure4-16. The external burningplumeshouldturn

backto the flightdirectionimmediatelydownstreamof the vehicle. The

finltemodelbaseheight,andairflowbeneaththemodelcombineto create

an area of low pressurein the basereglonasevidencedby the pressure

distributionsin figures 4-20 through4-22. To provide a definite

boundaryfortheexternalburningplume,therebymorecloselymodellngthe
v

intended situation, a flat plate was installed downstream of the model,

parallel to the freestream. The 12" square "plume boundarysimulator"

installed behind the model is shownin figure 4-33. It was constructed in

the samemanner as the expansion ramp models using a 3/4" thick slab of

stainless steel, with a zirconium-oxide coating on the upper surface. The

plate had a row of ll static pressure taps on the centerline spacedat 1"

intervals, and a transverse row of 5 taps at the midpoint. The outboard

leading edges of the plate were machinedto a ]0° knife edge to reduce

blockage. The total temperature probe actuator was moved 1" .off

centerline and a 3/4" diameter hole wasdrilled in the plate, to allow the

water-cooled total temperature probe to pass through. A test was run with

the hole plugged to insure that the centerline pressure measurementswere

not affected by the hole.

The Euler analysis described in section 3 was used to demonstrate the

equivalence betweena solid boundaw parallel to the freestream, and the

actual situation where freestream flow deflects the plume. The Euler

analysts assumesa perfect gas, so heat addition basedon the fuel heating

value and fuel-air ratio would tend to result in too muchheat being

added. So that a more representative heat addition was used in modeling
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the experiment, 2-D perfect gas, and 2-D real gas control volume

calculations were comparedover the range of equivalence ratios tested to

determine the equivalence ratios to be used in the perfect gas

calculations which result in the real gas thrust coefficient values.

These reduced equivalence ratios appear in table 4-3 mlong with the

corresponding experimental conditions. The heat addition distribution

used was Gausstan in the axial direction and constant in the transverse

direction,as this gave pressuredistributionshavingcharacteristics

similarto the experiment.The Gaussiandistributionused was slightly

differentthan that used in section3 and is depictedin figure4-34.

Althoughadditionalnumericalexperimentationcouldhave beenundertaken

to more closelymatchexperimentalpressuredistributions,thiswas not

the objectiveof the Euleranalysis.The purposeof thesecalculations

was simplyto validatethe use of a plumeboundarysimulator.

The ]2° expansion rampprofile was modeledwith both types of downstream

plumeboundaries. A 100 by 50 grid shownin figure 4-35a was usedfor the

solid boundary case. To model the freestream inflow boundary, 20 points

were addedin the transverse direction as shownin figure 4-35b. The heat

addition corresponding to a correlated equivalence ratio of .452 was used

for this comparison (see table 4-2). Streamlines and heat addition

contours for both cases appear in figure 4-36. The momentumof the

subsontc plume is small comparedto that of the freestream, due to the

large reduction in density at about constant velocity. The plume is

therefore quickly turned back to the axial direction by the upper

freestream flow as evidenced in figure 4-36b where deflection of this
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auxiliary freestream is negligible. Rach number contours for both cases

whichappearin figure4-37are verysimilaras well,with the only

differencebeing the large transversegradientbetweentheupper

freestreamandtheplume.Theexpansionsurfacepressuredistributions

comparedinfigure4-38arenearlycoincidentovertheentirerampsurface

andresultin a negligibledifferencein thrustcoefficient.The solid

wallisthusa validrepresentationofthetruelateralplumeboundary,at

leastforthe2-Dinviscidcase.Theequivalenceof thesetwoboundaries

maynotbe as clearif theplumeis separated,sincethesolidboundary

hindersreverseflowintotheseparatedregion.Despitethis,theplume

boundarysimulatorprovidesa knownboundaryand a betterexperimental

simulationof the intendedexternalburninggeometrythan the basic

expansionrampmodel.

Centerltne pressure distributionswith and withoutthe plume boundary

simulator are shown in figure 4-39a with fuel off along with the 2-D

shock-expansion theory result for reference. Upstream of 8" the

distributions are similar. Downstreamof this point the baseline

distributionfallsoff to the low base pressurewhile the distribution

with the plumeboundarysimulatorpeaksat the 12° corner. The pressure

then quicklydecaysto a zero pressurecoefficient.There was little

effectof ambientpressureon the fueloffdistributions,the8 pslacases

shownare representativeof all altitudes.The transverserowof static

pressuretapson theplumeboundarysimulatoratthe 20"stationshowedno

transversevariationin pressureat all conditionsand so are not
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presented. The plume boundary simulator thus eliminates the troublesome

region of low pressure immediately downstream of the expansion ramp and

provides a definite lateral boundary for the plume. A comparison of

centerltne pressure distributions with external burning appears in figures

4-3gb through 4-39d for high, low, and intermediate correlated equivalence

ratios. Pressures upstream of the expansion are comparable, but a
(

definite increase in expansion ramp pressure is induced by the plume

boundary simulator at all equivalence ratios. The pressure is still

independent of equivalence ratio however, and does not rise above ambient

to a level consistent with control volume predictions.
I

Total temperature profiles appearing in figure 4-40 at the same three

conditions show comparable levels of temperature but a more symmetric

shape than those of the baseline configuration in figure 4-24. An

increase in thrust coefficient is seen in figure 4-41 over the entire ]•
range of equivalence ratios tested. Even less variation with equivalence

ratio is evident with the plume boundary simulator installed. The test

arrangement is now considered free of interference from flow beneath the

model and a low base pressure region. Thrust coefficients remain below
!

predicted values however and do not exhibit the expected variation with

equivalence ratio.

Effect of Free-Jet Boundary •

The modelsizewas obviouslylargewithrespectto the free-jetexit.

I
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Ideally,the modelwouldhave been sizedto fit completelywithinthe

conicalareaformedby Machlinesemanatingfromthenozzlelip,commonly

referredto as the "testrhombus"of the free-jet. In externalburnlng

testswhere an accuratethrustmeasurementis to be made, it wouldbe

advisableto sizethe installationevenmore conservatively,includinga

sizableportionof the subsonicplume within the test rhombussince

disturbancesimpingingon the subsonicplumenearthemodeltrailingedge

may feedforward. In thepresenttests,the free-jetsizewas determined

by availabilityof theexistingMach1.26nozzle.Also,facilityairflow

capabilitywouldhave precludeduse of an appreciablylargerfree-jet.

Considerationsin sizingthe expansionramp models includedease of

machiningthe smallfuel injectionoffices,as well as instrumentation,

flamestability,and scaling. Themodelscouldnot be made smallenough

to fitwithinthetestrhombus,howeveritwas decidedthatthissituation

was acceptabledue to the preliminarynatureof the experiments. To

increaseconfidencein the data obtained,the magnitudeof the free-jet

boundaryeffect on thrust was estimatedusing the Euler analysis.

Solutionsin whicha "flight"boundaryconditionwas imposedon the lower

computationalboundary,(asin figures4-37)werecomparedto caseswhere

a free-jetboundarywas used. The free-jetboundarywas capturedin the

solutionby extendingthelowerboundaryof thegridshownin figure4-35a

beyondthe6" free-jetexitradiusand imposinga lowspeedinflowto this

region.The staticpressureandtotaltemperaturematchthatofthe free-

jet. The solutionwouldnot convergeif a zero velocitywas imposed,so

a .3Machnumberinflowwas used. This is stilla good representationof

the actualcasesincethe velocityadjacentto the nozzlewasnot zerodue
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to the auxiliary air flow andejector pumpingof the free-Jet. The ]00 by

80 grid used, pictured in figure 4-42 had the samegrid density in the

heat addition region as the 100 by 50 grid so that differences in thrust

were not artificially inducedby grtd refinement effects. A .025 damping

coefficient was used tn all cases.

i

A case with no heat addition was run first to simulate the fuel off

situation for which the experimental pressure distributions showeda

curious recompressionto above ambient pressure. Shock-expansiontheory

can be used in lieu of Euler analysis for the flight boundarycase since
I

the flowfield is madeup of simple regions. The thrust coefficient so

obtained is equal to the pressure coefficient following a 12° Prandtl-Meyer

turn which is -.4. Mach number contours and the wall pressure

distribution for the free-jet case appear in figure 4-43. The centered

expansion turns the free-jet boundary toward the wall, and is reflected Im
back as a strong shock, resulting in a -.2 thrust coefficient. This shock

is evident in the fuel off schlieren image of figure 4-23 along with a

large separated zone. Although viscous and three-dimensional effects

would alter the flowfield somewhat,the 2-D tnviscid result suggeststhat
I

the high ramppressure with fuel off is induced by the free-jet boundary.

The effect of the free-jet boundary on the tnvtsctd external burning

flowfield is summarizedin figure 4-44 where the thrust coefficient for

both flight and free-jet boundaries are plotted versus equivalence ratio m

along with control volumeanalysis results. The heat addition scheduleof

table 4-2 was used in the Euler calculations, so as expected the 2-D real

I
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gas control volume curve ltes near that of the Euler "fltght boundary"

analysis. The 3-9 real gas control volume result is also shown to depict

the magnitude of three-dimensional effects which are small for thrust

coefficients near zero. The free-Jet boundary cases always remain nearer

to zero than the corresponding fltght boundarycases. For cases where the

flight thrust coefficient is less than zero, the free-jet boundary causes

an increase in thrust. Conversely, the free-Jet boundary tends to reduce

thrust coefficients greater than zero. The curves cross at approximately

zero thrust so the effect of the free-jet boundary is always to reduce the

absolute value of non-zero thrust coefficients, and the magnitude of the

effect is proportional to thelthrust level. This is an intuitive result

since for zero thrust coefficient the streamline deflection and hence

reflected disturbances are minimal_ The reflected wave interactions are

seen in figures 4-45 through 4-47 where Nach number contours for flight

and free-jet cases are comparedat three equivalence ratios. The minimum

equivalence ratio case in figure4-45 has a flight thrust coefficient of -

.075 with an expansion propagating into the freestream. In the free-jet

case, this expansion turns the free-jet boundary inward slightly and is

reflected back as a compression which impinges on the subsonic plume. The

interaction between the plume and free-Jet boundary continues downstream

resulting in a net increase in thrust. At the higher equivalence ratios,

an initial compression is generated by burning, and the resulting

reflected expansion wave reduces the thrust. In the maximumequivalence

ratio case of figure 4-47, a pocket of subsonic flow appears downstream of

the strong shock generated by burning. The resulting reflected expansion

and subsequent interaction reduce the thrust coefficient from .223 to
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.078. The rather pronouncedeffects shown above apply to a two-

dimensionalflowfleld. In the presentexperiment,three-dlmenslonallty

will reducethe magnitudeof this effectsomewhatbut not alter its

nature.

The free-jet boundary reduces the sensitivity of ramp forces to (
equivalence ratio but does not prevent thrust coefficients greater than

zero. Therefore, while the free-jet boundaryinteraction maycontribute

to the insensitivity of experimental results to equivalence ratio, it is

not the sole cause of persistent sub-zero thrust coefficients. The most
(serious effect noted is the wave interaction with fuel off which causes

artificially high force levels, making an assessment of the force

increment due to external burning in the experiment difficult.

The experimental arrangement including the plume boundary simulator is i
thus considered to be free of serious facility interactions during

external burning runs since the thrust coefficents are near zero and free-

jet boundary interactions are minimal. The discrepancy between the

predicted and measuredthrust coefficient is not completely attributable

to any of the postulated facility interference effects. Another !

explanation for lower than predicted performanceis that following initial

expansion at the flameholder and 12° turn, the pressure rise due to

combustionseparates the boundarylayer, precluding the recompresstonseen

in the Euler analysis at the sonic point. In an attempt to determine

whether or not the plume was indeed separated, a crude pttot tube was

attached to the water-cooled temperature probe. The small platinum tube

I
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did not survive the extreme environment though, and provided no useful

data. Time limitations madeconstruction of a more sophisticated probe

impossible.

Subsequentefforts were focusedon initiating combustionfurther upstream

to reduce the initial expansionat the flameholderand 12° corner. To this

end, a numberof different fuel injection and flameholding configurations

were tested. Results of these tests are presented in the following

sections.

AlternateFuel _njectionand Flameholdinqqonfiqurations

In the subsequentdiscussionof alternateconfigurations,the plume

boundarysimulatoris alwayspresent. The "baseline"configurationto

whichcomparisonswill be made is now configuration2 whichincludesthe

plumeboundarysimulator.Performanceof thisconfigurationwas shownin

figures4-39 through4-41.

The second expansion ramp model had a row of 56, .018" diameter fuel

injectors designed for zero drag at stotchoimetrtc conditions basedon the

control volumemethodwith an x/d" of 30 used in equation 4-3 for the jet

penetration. The design actually called for 58 evenly spaced injectors,

but the two outboard holes locations were very close to the edge of the

model and were not drilled. Except for the new fuel injection pattern,

this model was identical to the first. With the smaller orifices, the
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distance from the injection plane to the trailtng edge of the flameholder

was 27.8 diameters as comparedto 20 for the baseltne configuration. Ramp

centerltne pressure distributions for this configuration appear in figure

4-48a with fuel off, and with external burning at low, intermediate and

high equivalence ratios. Although the plume boundary simulator was

Installed for this as well as all subsequentconfigurations, the plots

terminate at the trailing edge of the ramp in order to accentuate the

flameholder and initial expansionregion. Pressureon the plumeboundary

simulator itself quickly decayedto freestream static for all conditions

and configurations. As expected, the fuel off distribution is identical

to that of the baseline configuration with the plumeboundary simulator

Installed (figure 4-39a) since the rampand flameholder geometries are

identical. The effect of the plumeboundary simulator is obvious with

fuel off, causing a slight pressurization at the trailing edge. With

.. burning, the 56 injector configuration does not generate an appreciably l

higher thrust than the baseline, in spite of the increased length

available for mixing upstream of the flameholder. Total temperature

profiles corresponding to the three external burning pressur_

distributions appear in figure 4-48b. Comparedto the baseline profiles
!

of figure 4-40, the 56 injector configuration profiles are slightly more

symmetric in shape. Note that the equivalence ratios are different for

the 56 injector model, so a direct comparisonof temperature level should

not be made.
I

The next variation tried was to move both the fuel injection and

flameholding upstream]/2". This was accomplishedby welding closed the

i
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existing 26 orifices on the baselinemodel, and re-drilling the identical

26 hole pattern, I/2" upstream. The original, I/8" by 1/4" rectangular

cross-section baseline flameholder could not be mounted1/2" upstreamdue

to interference of the attachment screws wtth the hydrogen plenumJust

beneath the surface. An alternate flameholder was constructed which used

smaller screws located further upstream, and provided the desired ]/8"

high step, ]/2" upstream of the 12° expansion. A photograph of this

configuration appears in figure 4-49. Thenewflameholder wasconstructed

of a 1/16" thick stainless steel plate, 3/8" wide with tt's trailing edge

bent up to 1/8" above the model surface. It should be noted that this

geometryprobablyresultsindifferentrecirculationzone lengththanthe

square baseline flameholdercross-section. Centerline pressure

distributionsfor thisconfigurationare shownin figure4-50a. A more

severe compressionis apparentat the leading edge since the fuel

injectionplaneis now 1/2"furtherupstreamat 2". With fueloff,the

overexpansionat the corner is less severe than with the baseline

flameholder. During externalburninghowever,the overexpansionis

slightlymore severe,but quicklyrecompressesto freestreampressure,

resulting in slightly higher thrust than the baseline. Thrust

coefficientsfor all of the alternateconfigurationsare comparedIn a

subsequentfigure(4-55).A low equivalenceratiocasewas not obtained

since flame stabilityfor this configurationwas not as good as the

baseline,wherethe trailingedgeof the flameholderwas coincidentwith

the 12° expansion.

The persistenceof sub-ambientpressureat themodelkneeduringburning,
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and the meagerincrease in thrust level indicates that heat release is not

being initiated at the flameholder, but further downstreamnearer the ]2°

turn similar to the baseline case. The reduced flame stability of this

configuration suggeststhat the rectrculatton zone length generatedby the

1/8" high flameholder alone is probably only marginally sufficient to

initiate ignition, without a lengthening causedby the 12° expansion. The

flameholder and initial portion of the 12° corner provide a larger

effective flameholding region than the ]/8" high step itself. Total

temperature profiles for this configuration, shownin figure 4-50b are

somewhatflatter than those of the baseline configuration, exhibiting

higher temperatures nearer the wall.

The effect of simply moving the fuel injection plane and flameholder

upstream 1/2" thus has little effect on performance since the initiation

of heat release was probably not moved forward with respect to the

expansion. Before proceeding with a more sophisticated flameholder

scheme,an attempt was madeto alleviate the expansion at the sharp model

leading edgecausedbythe detachedshock, thereby reducing uncertainty in

the local conditions in the fuel injection and flameholding region. To

accomplish this, a ]" extension pictured in figure 4-51 was addedto the

leading edge of the 26 injector model (the model is shownwithout a

flameholder). The 5° sharp leading edgeon this extension was to allow an

attached wave on the lower surface, resulting in clean Mach1.26 flow on

the upper surface. The extension extends ]" into the free-jet, and was

instrumented with two static pressure taps on the centerltne. The

extension into the free-jet is inconsequential given that the 1.26 exit



;122

plane Hach numberexists further than I" into the free-Jet on the free-Jet

axis.

The effect of this extension on the centerltne pressure distributions

downstreamof the flameholder is seen to be almost negligible in figure 4-

52a where a direct comparisonwith the baseltne configuration is madewith

fuel off. Theexpansion near station 0 (the baseltnemodel leading edge)

is reduced somewhat, but apparently the model blockage still causes a

detached wave and resultant upwash. Limited external burning data at 8

psta staticpressure was taken with this configuration and the baseline

flameholder. Since the leading edge extension has little effect, this

data may be comparedto baseline configuration data in figure 4-52b andc

to showthe effect of moving the injection plane forward from 20 to 40

orifice diameters upstream of the ]2° corner. As was the case with the 56

injector model at 27.8 orifice diameters, negligible differences in

performance are noted.

The final configuration to be presented is pictured in figure 4-53, and

consisted of a ]/4" high "serrated" .flameholder mountedin the upstream

position with it's trailing edge 1/2" upstreamof the ]2° expansion. This

flameholder was intended to promotefuel-air mixing, and create a longer

recirculation zone. To accomodatea longer recirculation zone, The ]/16"

thick plate seen in the photographwas addedto the model, extending 3/4"

downstreamof the 12° corner, to provide more distance between the

flameholder and expansion in which to initiate ignition andheat release.
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The distance from the injection plane to the trailing edgeof the plate is

70 orifice diameters. This configuration departs slightly from the

previous in that the extension plate covers the 12° expansionmndforms a

short blunt base. Centerltne pressure distributions for this

configuration appear in figure 4-54a. With fuel off, • low basepressure

in the region covered by the extension plate is mpparentfollowed by the

recompresstonto slightly greater than freestream pressure. Combustion

increases the pressure in the separated region beneath the plate to

slightly less than ambient, and this pressure persists to the end of the

ramp. Again, it seemsthat heat release was initiated not at the serrated

flameholder, but in the rectrculation region formed by the extension

plate. Total temperature profiles for this configuration appear in figure

4-54b and are similar in shape to those of the baseline configuration.

Again, the indication is that the flame was held in the recirculation

region downstream of the plate and not upstream at the serrated

flameholder. A number of other different combinations of the

flameholders, extensions, etc. discussed above were tried, but none

resulted in higher performance, and some exhibited very poor flame

stability.

Thrust coefficients for all four of the variations discussed above along

with the baseline are shownin figure 4-55. Only the 26 orifice upstream

injection with the upstream1/8" flameholder seemsto show• dtscernable

improvementin ramp surface force, but all are still below the control

volumepredictions. Only a slight difference in predicted performance is

evident between the 26 and 56 injector configurations. This is to be
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expected, since the inflow streamheight ratios (Yo/Yb)given by equation

4-5 are similar (.197 and .182 for the 26 and 56 injector models

respecively), and for a given equivalence ratio, this is the only

parameter in the control volumeanalysis which would affect thrust. THe

56 injector modeldoes howeveroperate over a wider range of equivalence

ratios. The final configuration discussed (26 upstream injectors, 1/4"

serrated flameholder) was subsequently run at elevated freestream

temperature, andalso with uppersidewalls. Although neither of these two

variations resulted in an increase in thrust they are included for

completeness.

Results with Heated Freestream

Increasingthe freestreamtotaltemperaturehas a numberof effects.The

most desirableis the increasein hydrogen-airreactionrate whichmay

allowignitionandheatreleaseto occurfurtherupstream.Thisreduction

in ignitiondelaycomesat the expenseof a lowerReynold'snumber,anda

higherfreestreamvelocity,but theseeffectsare smallcomparedto the

exponentialdependenceof ignitiondelayon temperature(seethe section

on scalingof small-scaletestresultsand reference62). Figure4-56a

presentscenterlinepressuredistributionsata free-jettotaltemperature

of 960°Rwithfueloff,andwithexternalburningatlow,intermediate,and

high equivalenceratios. The distributionsare nearlyidenticalto the

correspondingresultsat 540° in figure4-54,whichare at somewhatlower

equivalenceratios. Totaltemperatureprofilesappearin figure4-56band
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exhibit a higher maximumtemperatureas expected, but are similar in shape

to the cold results. Figure 4-56c showsthe negligible effect of the

heated freestream on thrust coefficient. The control volumeresults show

a markedeffect howeversince at increased freestream temperature, the

temperature ratio and thus the stream area ratio are reduced.

Effectof UpperSidewalls

The control volumeanalysis, which hasprovided the impetus for attempting

to improveperformance, has been donewith a three-dimensional expansion

approximation. Evenso, the possibility existed that lateral spillage was

preventing higher thrust coefficients. Thusfar, in all of the

configurations tested, the external burning plume has been confined on

only one surface. To approximate a more two-dimensional flow, upper

sidewalls pictured in figure 4-57 were used which extended 2" above the

ramp at the leading edge. Theupper-surface of the sidewalls was parallel

to the freestream, and the leading edgeswere ground to a ]0° knife edge..

In the photograph,the original baseline configuration appearswithout the

plumeboundarysimulator. Theeffect of these sidewalls with fuel off, as

shownin figure4-58ais to preventlateralinflowto thelow pressure

regions,resultingin lowerpressureovermore of the ramp surface.The

fuel-offrecompression,whichas discussedpreviouslyis strengthenedby

free-Jetboundaryinterference,occursfurtherdownstream.Withexternal

burningat themaximumequivalenceratio(figure4-58b),theeffectof the

sidewallsis veryslight,resultingin a smallincreasein pressure.The

|
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effect Is seen upstream to near the leadtng edge as the sidewalls contatn

the Injection disturbance. A comparisonof total temperature profiles

with andwithout the upper sidewalls appears tn ftgure 4-58c. The upper

sidewalls prevent transverse tnflow of cooler atr, resulting tn a sltghtly

fuller profile near the wall. The effect of upper sidewalls on thrust

coefficient is negligible as shownin figure 4-58(I.
k

ExpansionRampFlameholdinq

Flame stability data wastaken during the expansionramptests in the same

manner as in the spraybar tests described previously. Combustionwas

stabilized at a given altitude condition, which results in a specific

value of the Dezubayparameter, then fuel pressure was reduced, lowering

the equivalence ratio until a flame-out occured. Points at which _]ame-

outs occurred are plotted in figure 4-59 along with the Dezubaypre-mixed

stability limit. Thedata appear to fall well outside the pre-mixed limit

in contrast to the spraybar results. The characteristic dimensionusedto

calculate the Dezubay parameter ts subject to Interpretation however,

given the more complexgeometwof the expansionrampf]ameholding region.

For figure 4-59, twice the overall geometric height of aft-facing

f]ameholder area (denoted by H in appendixD) was used in the Dezubay

parameter. Recall from the discussion on f]ameholder sizing that a step

is equivalent to one-half of an unconfined two-dimensional flameholder.

There is no inherent reason that the expansion ramp flameholders should
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allow stable combustion at more severe conditions than the pre-mixed

limit. This is another indication that the 12° corner downstreamof the

flameholderscauseda lengtheningof the rectrculatton region. Thelonger

recirculation zone correspondsto a larger effective flameholderheight,

whichwould reducethe Dezubayparameterto morereasonablevaluesnear

the pre-mixed limtt. The preceeding argumentis consistent with the

premise that combustionwas not Initiated near the flameholders, but

further downstreamallowing someinittal overexpansionto occur.

Exoansion RampPerformance AsseFsment

The control volumeanalysis of chapter II indicated that the performance

of external burninghadthe potential to be competitive with other forms

of airbreathing propulsion. The.specific impulsemeasuredexperimentally

will nowbe comparedto that predicted. Thespecific impulsein terms of

the changein axial force per unit fuel flow isdifficult to assess

however,becauseof the aforementionedfree-jet boundaryinterference with

fuel off. The free-jet boundarycausesthe thrust coefficient with fuel

off to be too high, whichreducesthe changein thrust coefficient dueto

external burning. Nonetheless, the thrust coefficient and specific

impulse as defined by equation 2-24 are shownin figure 4-60 for

configuration 10. Configuration 10 is representative of all otherssince

the results showedltttle dependenceon geometry. In figure 4-60a, The

thrust coefficient is plotted vs. the correlated equivalenceratio to show

the changein axial force used to computethe specific impulse. The
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thrustcoefficientpredictedbythecontrolvolumeanalysisisalsoshown

forcomparison.Twodifferentfueloffforcevalueswillbe considered.

First,as labelledin the figure,is the actualfuel off thrust

coefficientof -.097obtainedexperimentallyin thesamemanneras the

burningvalues,by pressure-areasummation.ThisvalueIs knownto be

affectedby interferencefromthefree-jetboundary,andistoohigh.The

othervalueto be consideredis thatof a Prandtl-Meyerexpansionabout

the 12° turnat Mach1.26whichis -.4. Thisvalueis toolowsincein

actuality,transverseflowandboundarylayerseparationwouldtendto

relievethislowpressure.The"deltas"betweenthesetwofueloffvalues

andthe thrustduringexternalburning(whichis consideredto be less

affectedby free-jetboundaryinterference),representthe extremes

betweenwhichthe properanswerlies. In figure4-60b,the specific

impulsecorrespondingto thesetwo extremesis shownalongwiththe

controlvolumepredictionwhichis basedon the controlvolumethrust

coefficientvaluesandthe PrandtILMeyerexpansion.The experimental

impulsebasedon the Prandtl-Meyerexpansionfallsshortof thecontrol

volumepredictionbecauseofthelowerthanpredictedthrustcoefficients.

The impulsecomputedin thismannerwhichrepresentsthe upperlimit,

peaksat about4000. The othercurvebasedon themeasuredfueloff

thrustshows much lower performance. This curve is the actual

experimentallydeterminedimpulsewithno allowancefor the free-jet

boundaryinterference,andrepresentsthelowerlimit,peakingat400sec.

Nomeanswereavailabletodeterminetheproperfueloffdragcoefficient.

Evenattheexperimentallydemonstratedlowerlimitof400secondsthough,

thesimpleexternalburningsystemexhibitsperformancecompetitivewith
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rocketpropulsion. Other factorswhichmust also be consideredwhen

comparingexternalburningto otherpropulslonaugmentationoptions,are

It'slightweightand slmpllclty,as wellIs thebeneflclalnormalor llft

forcewhichwouldreducewlngloadingand vehicletrimdrag.
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CHAPTERV - SUMMARYANDCONCLUSIONS

This work represents the first comprehensivestudy of the application of

hydrogen external burning to transonic drag reduction. A control volume

technique and a two-dimensional Euler analysis were developedspecifically

for the transonic conditions of interest. The Euler analysis revealed an

interaction between the burned and unburnedstreams which is peculiar to

the transonic inflow conditions. Experiments conducted in a Hach 1.26

free-jet advancedthe understanding of transonic external burning in two

areas. First, the operational envelope of the concept was characterized

by extending the validity of an existing flame stability correlation to

non pre-mixed, transonic altitude conditions. Secondly, drag reduction

experiments on simple expansionrampmodelsprovided external burning data

which was relatively free of facility interference.

An initialassessmentof theperformancepotentialof externalburningwas

made Using the controlvolumeapproach. The analysisindicatesthat

transonicdragcanbe eliminatedfor a hydrogenfuelexpenditureof .]to

.2 poundsper secondper squarefootof aft-faclngbase area on a 1000

psfa trajectory. This fuel must be distributed,preferrablyin

stoichiometricproportionsin anair streamof heightequalto roughly]0%

of the base height. The jet penetrationaffordedby normal,sonic

injectionfromthewall is sufficientto accomplishthis,and an injector

size and spacingrationalewas developed.Specificimpulseperformance

competitivewith conventionalairbreathingpropulsionsystemssuch as
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turbojetsis indicated.Theratioof controlvolumeoutflowto inflow

velocitywasshownto benearlyoneatzerothrust(drageliminated),and

wasweaklyproportionalto thrustcoefficientfornon-zerothrust.The

increasein soundspeedcausedby combustionthusdrivestheexternal

burningplumesubsonicforalltransonicconditionsof interest.

The control volume study was supplementedby the two-dimensional Euler

analysis. Energyrepresentative of hydrogen-air combustionwas added in

various distributions, demonstrating that although wall pressure

distributions varied considerably, the thrust force generated was

independent of the heat addition distribution and dependedonly on the

total heat added. Goodagreement between the control volume and Euler

analysis was obtained. An interesting feature of the external burning

flowfield revealed by the Euler analysis, was a sharp compressionin the

plume at the sonic line caused by the interaction of the subsonic,

ellipticregionwith the unheatedstillsupersonicouter flow. This

compression,whichmay separatetheplume boundarylayeris viewedas a

possiblelimitingfactorin externalburningperformance.

Hydrogen-air flame stability was studied experimentally in a Nach 1.26

free-jet using a combination spraybar-flameholder to determine the

operational flight envelope of external burning. An existing combustion

stability correlating parameter developed for a pre-mtxed, subsonic

hydrogen-air stream adequately correlated the non pre-mixed, supersonic

data. ThemaximumHachnumberandaltitude to which stable combustioncan

be maintained dependson many variables including the flameholder size,
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andvehicle trajectory, but it can be concludedthat combustionstability

will not prevent the successful application of external burning to

transonic drag reduction. Operation to Nach2 on a ]000 psfa trajectory

appears feasible.

Infra-red images of combustion during spraybar tests with differing

freestream temperature and pressure, but comparable Reynold's number

indicate that the combustionprocess is not completely mixing limited, and

is influenced by the finite-rate reaction process. This result makes

scaling of small-scale test results tenuous, but it is reasoned that

results at reduced scale are conservative.

External burning expansion ramp tests were run in the same free-jet

facility to demonstrate drag reduction andprovide data for comparisonto

the analysis results. The expansion ramp models were related

geometrically to a single-stage-to-orbit vehicle base. Initial results

demonstrateda reduction in drag due to external burning, raising the ramp

thrust coefficient to nearly zero, but not to the level predicted by the

control volumeanalysis. Theexperimental thrust coefficient also showed

yew little sensitivity to the estimated equivalence ratio in contrast to

the control volumeresults. Ramppressure distributions showedan initial

overexpansion to somewhatless than freestream pressure, followed by a

flat distribution to the trailing edge. The desparity betweenmeasured

and predicted performance promptedan investigation into vartous facility

interference issues related to the subsonic external burning plume. No

interference mechanismwas identified as being of sufficient magnitudeto
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accountforthediscrepancy.Withfueloffhowever,wavereflectionsfrom

the free-jetboundaryabovethe modelresultin an artificiallyhigh

thrustcoefficient.Thismakesanassessmentoftheactualperformanceof

externalburningin termsof thechangein axialforcedue to burning

dlfficult.

Euler results in two dimensions indicate that the performancepredicted by

the control volumeanalysis is accompaniedby a sharp recompressionin the

heated stream at the sonic line. The lower than expected, and constant

nature of the thrust coefficient obtained experimentally is attributed to

this effect. It is surmised that the initial overexpansion to less than

freestream pressure was followed by boundarylayer separation, precluding

a strong recompression and limiting performance to the level repeatedly

demonstrated.

Further experiments in which flameholding and fuel injection schemeswere

varied in an attempt to reduce initial overexpansion by initiating

combustion further upstream resulted in no significant improvement in

performance. It is concludedthat combustioncould not be initiated in

close proximity to the relatively small flameholders used because the

recirculation zone of the flameholders alone was of insufficient length.

A lengthening of the rectrculation zonecausedby the the 12° expansion is

what allowed stable combustion, but also resulted in the initial

overexpansion. The use of larger flameholders was not explored as the

height of the ones used was already a significant fraction of the fueled
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streamheight. A furtherincreasewouldleadto inconsistencywith the

full scalesystem where the flameholderheightnecessarywould be a

smallerfractionof the fueledstreamheight.

The specific impulse in terms of the changein axial force per unit fuel

flow actually demonstratedin the experimentwascomputeddespitethe fact

that the fuel off thrust coefficient wasknownto be too high dueto free-

jet boundaryinterference. As a result the impulsevalues obtainedare

conservative, andpeakedat 400 sec which is competitivewith a chemical

rocket. The impulsewasalso computedassuminga Prandtl-Meyerexpansion

aroundthe12°cornerwithfueloff,resultingina peakvalueof 4000sec

whichrepresentsan upperlimit.

Largerscaletestswouldalleviatemany of the flameholdingissues,and

should allow somewhathigher performance,since combustioncould be

initiatedat _he flameholdingsiteandnotdownstreamfollowingan initial

overexpansion. Howevera factorwhich may limit the performanceof

externalburningintransonicflowisboundarylayerseparationdueto the

compressionat the soniclineobservedin the Euleranalysis.
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APPENDIXA - HYDROGEN-AIREQUILIBRIUMCALCULATION

In the control volume analysts of chapter II, the gas at the outflow

station is assumedto be the products of hydrogen-air combustion tn

equilibrium. Thecalculation procedureusedto determine the composition

and adiabatic flame temperature is outltned below.

The hydrogen air system considered is described by equation A-]. The

combustionproducts are assumedto consist of ten species.

I (02 + zN2 + zAr) - _-ni [A-I]% . ,.1

i species

] H2
2 02

6 0
7 N
8 OH
9 NO

10 Ar

€ is the fuel-air equivalence ratio (the fuel-air ratio normalized by the

stotchiometric fuel-air ratio). The coefficients z and r are determined

by the composition of air which for the present study is assumedto be the

following:

78.12%Nz
20.95%0z
0.93%Ar
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This results tn z-0.044391, and r-3.7289. At a gtven temperature and

pressure, ten equations are neededto solve for the ten unknownspecies

concentrations. Four equations resu]t from atomic conservation. Wrttten

tn terms of species partial pressures, they are:

nM 2PH,+ 2P_,o+ P. + .DoM
-- = - 2_ [A-2]
no 2.Do,+ .D_,,o+ .Do+ .D_o+ .Do,,

n._.o= 2Po_+ PH,o + Po +Pm . .Doll = 1_. [A-3]
n_ 2Px, + .D_ . .Din r

o

n_j _ .Dxz = __z [A-4]
nN 2p_ + .D_ . .Din 2r

P- _.D_ [A-s]
i-1

Six additional equations are obtained using equilibrium constants for the

following six dissociation reactions:

.Dx,- 2.Dx [x-6]

.Do_" 2.Do [A-7]

.Dx,"2.D_ (A-s]

Pz_zo" 2PH + .Do [A-9]
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Poll " Px + Po [A-tO]

2p,,o- po, . p_ [A-11]

Equilibrium constants which are functions of temperature relate the

partial pressures of reactants and products at equilibrium for these

reactions, and furnish the remaining six equations neededto close the ten

species calculation:

P"_ [A-12]

P_

K,__ p--_ [A-13]

P_ (A-14]

Px_o [A-15]

Pox [A-16]'_ = PoPH

p_
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The equilibrium constants are determinedusing the methodgiven by

Prothero1, whoprovidessixth-order curvefits for entropy(S) andenthalpy

(H). The free energyof a single chemicalspecies is given by:

F_- z.z(- :z"s,, [,,,-ze]

The freeenergyof reactionfor eachof the dissociationreactionsgiven

by equationsA-6 throughA-11 is then:

1-1

Wherethe xi'sare the coefficientsof thedissociationreactionsand are

negative for reactants and positive for products. Finally, the

equilibriumconstantfor a givenreactionis givenby:

AF,.
In r_ = ---_- [A-20]

Equations A-2 through A-5 and A-12 through A-17 are ten non-linear

equations in ten unknowns,the solution of which is not trivial. The

methodused is briefly outlined below.

An equationinvolvingonly the partialpressureof Hz and 02 is obtained

inthe followingmanner. First,equationA-5 issubtractedfromA-3. The



13g

resulting equation is written in terms of the partial pressures of Hz, 0z,

and Nz using the equilibrium constant relations andequation A-4.

p. + z -po +

[A-zz]
+ _-_ + I

EquationA-2 is writtenin termsof the Hz, 0z, and Nz partialpressures

in a similarmanner,and then solvedfor the squarerootof the nitrogen

partialpressure.

Thesetwo equationsare then combinedintoa singlerelationinvolving

onlythe Hz and 0z partialpressures.An initialguessis madefor theHz

partialpressurewhichresultsin two valuesfor the 02 partialpressure

from equationA_2]. One of thesevaluesresultsin negativepartial

pressuresuponback-substitutionand isdiscarded.The sumof thepartial

pressuresis thencheckedagainstthe specifiedtotalpressureand a new

valuefor the Hz partialpressureis determinedbasedon the error. The

iterationcontinuesuntilequationA-5 is satisfiedto withina given

tolerance.
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The preceeding methoddetermines the equil|brtum composition given the

temperature and pressure of the combustion products, and the fuel-air

ratio of the reactants. This routine is nestedwithin the adiabatic flame

temperature procedure which balances the enthalpy of the equilibrium

products with the known enthalpy of the reactants by iterating the

temperature of theproducts.

To validate the preceedingmethodology,results were checkedagainst those

of Wearz et. al. for hydrogengas fuel anddry atr. Figure A-] is a sample

comparisonof the adiabatic flame temperature computedusing the present

methodwith Wear's results for a reactant temperature of 300° K, and a

pressure of one atmosphere. Goodagreementwas obtained over the entire

range of pressures and fuel-air ratios of interest for the external

burning problem.
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APPEND%XB - EULERANALYS%STEST CASES

The following 2-D Euler test cases were run to verify that the program

would properly solve stmple compressible flows prior to applying the

analysis to the morecomplexproblemof external burning. All of the test

cases were run on 21 x ]1 grids wtth untform grtd spacing. A 2-D Courant

numberof 1/4 was used throughout. The absolute value of the change in

each of the U vector members(determined by the corrector step in the

MacCormacksolver) was summedover the entire grid at each time step to

determine convergence.

|0 ° Compression

Figure B-] depicts the 10° compressiontest case along with the exact

solution. The grid used appears in figure B-2. Machnumbercontours at

three levels of artificial dampingare presented tn figure B-3. The case

with no damping (Cd-0) exhibits strong pre-shock oscillations. As

expected, these oscillations are reduced by increased damping. Wall

pressure distributions for all threedamping values appear in figure B-4

and are nearly coincident, all approachingthe exact value.

]0° Exoans!0n

The ]0° expansiontest case andexact solutton are outlined tn figure B-5,

and the grid used is shownin figure B-6. Hachnumbercontours appearing

tn figure B-7 show only slight variation with damping. The effect of

dampingon the wall pressure distributions ts almost negligible as shown

tn figure B-8. Thedownstreamwall pressure is very close to but slightly
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under the exact value.

Ravletah flow

Theconstant-area heat addition or Rayletgh flow test case ts depicted in

figure B-9 along with the exact solution. A heat added per unit mass

(normallzedbythe squareof freestream velocity) of .328 reducesthe Mach

2.4 tnflow to Mach1.2. The grid, and the regton of heat addttton used

are showntn figure B-IO. The heat was addeduniformly over the shaded

regton. Mach numbercontours for this case exhibited no transverse

gradients whatsoever, and so give no more information than the wall Mach

numberdistributions shown in figure B-]]. The extt Hach number is

slightly under the exact value. This is consistent with the small errors

in total temperature andpressure at the outflow seen in figures B-12 and

13.

Agreementwith exact solutions for all three types of problemsis adequate

for the intended use of the analysis, which is to examinethe features of

the external burning flowfield, andoverall performancetrends. A damping

coefficient of .025 is sufficient to dampnon-physical oscillations, and"

does not adversely affect the accuracyof the solution.
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Figure B-2. Compressiontest casegrid; 21 x 11 nodes.
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<> M=1.13

a) Cd-O.

M=1.13

b) Cd'.025.

Figure B-3. 10° Compressiontest case results at various levels of
damping. Hachnumbercontours (.05 contour increments).
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M=1.12

c) Cd-.05.

Figure B-3. Concluded

Figure B-4. Wall pressure distributions for 10° compressiontest case at
various levels of damping.
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Figure B-5. lO° Expansiontest case

Ftgure B-6. Expansiontest case grid; 21 x 11 nodes.
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a) Cc_-O.

M=1.55

b) Cd-.025.

Figure B-7. ]0° Expansiontest case results at various levels of damping.
Machnumbercontours (.02 contour increments).
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Figure B-7. Concluded
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Figure B-8. Wall pressuredistributions for10° expansiontest case at
various levels of damping.



150

M1=2.4 / M2=1.2

Cl/(u_/go)=.328 Tt2/Ttl=1.351
P=/Pl =3.01

Cp2=.497

Figure B-g. Rayleigh flow test case; _1/(Uo2/9c)=.328.
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]] nodes.
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at various levels of artificial damping.
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variouslevelsof artificialdamping.
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APPENDIXC - MATER-COOLEDTOTALTENPERATUREPROBEDATAREDUCTION

The water-cooled total temperature probe used was based on an existing

"bare wtre tn crossflow" design_. To withstand expected temperatures

greater than 4000° Ranktne, an trtdtum-40_rhodtum vs. tridium thermocouple

patr was used. The cost of these precious letals lade it necessary to

splice the wires wtth copper wtre a short distance away from the sensor

within the water jacket. This splice creates a variable temperature

reference junction whichmust be independently measured. The temperature

of this reference junction wasmeasuredwith a standard Type T" (copper-

constantan) thennocouple. Figure C-] depicts schematically the

thermocouplecircuit. Tables of voltage (electromotive force or emf) from

the wire manufacturer were basedon a O°Creference Junction, and so the

following procedure was required to infer the indicated gas total

temperature from the measuredemf. Theemfmeasured is the emf inducedat

the Xr40%Rhvs. Xr pair minus the emf inducedat the reference junction

due to the copper splice:

emfe.a.=emfT.- emfT., [C-I]

Adding and subtracting the emf for a 0° reference Junction. results in the

following equation:

em:g... : (e.m£_.- em£ooc)- (em£T._ - em£ooc) [C-2]

The last term in equation C-2 represents the emf generated by an Ir40%Rh
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vs. Ir pair with a O°Creference, so the tables can be entered at the

measuredreference temperature to obtain this value. This emf is then

addedto that measuredto obtain the emf basedon a O°Creference:

em£_.,- em£ooc - emf__, + (emiT, * - em£ooc) [C-3]

This then is the emf usedto obtain the indicated gas temperature from the

tables. The indicated temperature mustthen be corrected for conduction,

recovery, and radiation losses. The bare-wire in crossflow design

afforded a wire length to diameter ratio of approximately ]5 which makes

a conduction correction unnecessary.

Recoverycorrection

The recovery correction is a function of Machnumber, and compensatesfor

the fact that the entire thermocouplejunction is not immersedin the

total temperature of the flow. The recovery correction used is a function

of Machnumberand pressure andwas taken directly from reference 1. The

correction is small, being a maximumof about 3% for subsonic Mach

numbers. The effect of pressure on this factor is negligible for the

bare-wire in crossflow design. The Mach numberat the probe was not

measured, and so was estimated in the following manner, using the fact

that the external burning process occurs at nearly constant velocity.

The gas compositionat the probewas inferredby assumingthat the

indicatedprobetemperaturewas equalto the adiabaticflametemperature
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of a fuel-lean hydrogen-air mixture at oneatmosphere. The compositionof

these combustionproducts along with the indicated temperature wasusedto

computea soundspeed. The ratio of freestream velocity to this sound

speedwas then used as the estimated Machnumberat the probe. For low

probe temperatures where the estimated probe Machnumberwas supersonic,

the recovery correction curve wasextrapolated.

The preceedtng methodology accounts for the variation of recovery

correction with Machnumberonly approximately, but is sufficient given

the magnitude of the correction, and the preliminary nature of the

experiments.

Radiation correction

The radiation correction used is that presented by Glawe2 et. al. For

unshielded probes, the equation used reduces to the following:

Where ATrM correction in deg. K

_rzd radiation correction coefficientstreamMachnumber
p streamstaticpressureIn atmospheres
Po referencepressureof ] atmosphere
T; probeindicatedtemperaturein deg. K
TO referencetemperature(555°K)

The streamMachnumbercomputedforthe recoverycorrectionwas used,and
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the pressure was taken as the free-Jet extt pressure. An experimentally

determined relation for Kr=d in terms of wire diameter is given for

unshtelded probes, andyields a value of 2 for the .032" dia. wire used.

Thts value of Kr,dresulted in corrected temperatureswhich were in excess

of that theoretically possible for hydrogenandatr. The Kr=drelatfon was

basedon data which for a numberof reasonsmaynot be strictly applicable

to the present situation. First, it was obtained tn natural gas

combustionproducts at a maximumtemperature of 2550°R. Also, type "K"

thermocoupleswere usedwhich would have a different emmittancethan the

Iridium-Rhodium wire. For these reasons, tt was deemedappropriate to

adjust the value of Kr=d to .4 such that the theoretical maximum

equilibrium temperature for hydrogenand air at one atmospherewould not

be exceeded.

The maximumradiation corrections resulting were only 6%of the corrected

temperature, so again the approximations used would not lead to large

error in the final measurement. Obviously, more accurate measurements

could have been obtained by calibrating the probe at the conditions of

interest, but the nature of the test objectives did not warrant this extra

effort.
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APPENDIXD - EXPANSIONRNqPFUELINJECTORANDFLAilEHOLDERCONFII;URATIONS
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HEAT\_ DELTA CONTROL
ADDITION DAHPINGTHRUSTTHRUSTVOLUME

DISTRIBUTION COEFF COEFF COEFF RESULT

CASE I1o AXIAL/TRANSVERSEGRID Cd C_ AC T _C_.cv

] 1.4 CONST/CONST80 x 40 .025 .028 .416 .420

2 " GAUSS/CONST " " .028 .416 "

__.'_ GAUSS/PARBL " " .030 .418 "

4 " GAUSS/CONST " .0125 .034 .422 "

2 " " " " .025 .028 .416 "

5 " " " " .05 .029 .417 "

6 " " " 50 X 25 .025 .036 .424 "

2 " " " 80 x 40 " .028 .416 "

7 " " " ]00 x 50 " .026 .414 "

8 1.2 " " 80 X 40 " .008 .519 .537.

2 1.4 " " " " .028 .416 .420

9 ].6 " " " " .031 .342 .349

10 2.0 " " " " .027 .244 .257

11 2.4 " " " " .025 .189 .Z01

Table 3-1. Summaryof Euler Analysis Runs.
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NUNBERORIFICE INJECTION PLUME LEADING
CONFIG OF DIA PLANESTA FL.AMEBOUNDARYEDGE UPPER

NO ORIFICES (IN) (IN) HOLDER SIN EXTENSIONSIDES

1 26 .025 2.5 A NO NO NO

2 26 .025 2.5 A YES NO NO

3 56 .018 2.5 A YES NO NO

4 56 .018 2.5 B YES NO NO

5 56 .018 2.5 C YES NO NO

6 56 .018 2.5 D YES NO NO

7 26 .025 2.0 E YES NO NO

8 26 .025 2.0 A YES YES NO

9 26 .025 2.0 F YES YES NO

]0 26 .025 2.0 G YES YES NO

]] 26 .025 2.0 • G YES YES YES

Table 4-1. Expansionrampconfiguration summary.
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t

(

CONTROL
VOLUME EULER

CORR REDUCEDNORM INFLOW THRUST THRUST
EQUZV EQUZV HEAT STREAN COEFF, COEFF,
RATIO, RATIO, ADDED,HEIGHT, C_r,_ Cr,e,t,,.

_€orr _e_ter Qtot Yo/Yb (3-D) (2-D) (FLIGHT)(FREEOET)

0 0 0 0 NA NA -.401 -.195

.248 .230 5.42 .197 -.055 -.070 -.075 -.034

.452 .400 9.42 .197 .023 .033 .035 .004

.662 .560 13.19 .197 .071 .]01 .111 .033

.941 .740 ]7.43 .]97 .110 .]64 .]90 .063

1.379 .840. 19.78 .197 .127 .192 .223 .078

Table 4-2. Results of freejet andfltght boundaryEuler calculations w|th
comparisonto control volumeresults.

(
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Figure I-I. Artists conceptionof a single-stage-to-orbitvehicle.
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_"%..%..,, #.,_-'_*'# P = Po
ID IIIP 411 Im al= lID qllP qlD qllD ID lID <lID lip lID qlb

COWLMo>> 1 TRAILING SHEARLAYER
P = Po EDGE

a) 0n-design at high speed.

NO77LE
EXPANSION

SURFACE _

__'-_._ P< Po .././.I "

/I _--- ..I.;'.>'.-....--

/,,-, " "" P < Po . SHEARLAYER

COWL
Mo > 1 TRAILING
P = Po EDGE

b) 0vet-expandedat transonic conditions.

FigureI-2. Singleexpansionrampnozzledesignand operation.
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NOZZLE
EXPANSION

,U.F,O,

P=Po //_. L..'._- -" "'" """ _

__ P < Po
SHEARLAYER

DEFLECTED
Mo > 1 COWL
P=Po

Figure 1-3. Cowl flap deflection to prevent internal over-expansion.
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Figure ]-4, External burningconceptapplied to single expansionramp
--.. nozzle.
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_q PHI=0.75

0.16 _% PHI=I.00m
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a) Ratio of inflow stream height to base height.
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• _ "q',l_ __ qb _ a,.
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FREESTREAMMACH NUMBER,M o

b) Fuel flow per unit base area.

Figure 2-2. Results at zero drag along a 0o=]000psfa trajectory.
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c) Normalized specific impulse. -

Figure 2-2. Concluded.
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a) Ratio of inflow stream height to baseheight.
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%15 1 1.s 2 2._ 3
FREESTREAMMACH NUMBER, Mo

b) Equivalence ratio.

Figure 2-5. Results at constant fuel conditions for a fixed orifice
geometw; qo=]000 psfa, d*/w=.005824, S/d°=9.485, Cv=.9, Tf=5]8°R.
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c) Thrust coefficient for various expansionassumptions;Yb/L=3.732,
x/yb=2.5.
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d) Specific impulse.

Figure 2-5. concluded.
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Figure 3-2. 80 x 40 grid.

Figure 3-3. Case1 heat addition distribution andstreamlines.

!"
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a) Heat addition contoursand streamlines.
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W
N
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.J
C

rv

Z

0 -- I .1

NON-DIMENSIONAL DISTANCE

b) Gaussian axialheatadditiondistributionfunction_

Figure3-4. Case 2 heatadditiondistribution,Gaussianin axial
direction,constantin transverse.
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a) Heat addition contours and streamlines.
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b) Parabolictransversedistributionfunction.

Figure3-5. Case3 heatadditiondistribution,Gaussianin axial
direction,parabolicin transverse.
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SHADEDREGIONS
DENOTESUBSONICFLOW

a) Hach numbercontours (.05 contour intervals).
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b) Wall Hach number distribution.
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c) Wall pressure distribution.

Figure 3-6. Euler results for case 1 heat addition; Ho-l.4
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SHADEDREGIONS
DENOTESUBSONICFLOW

a) Rachnumbercontours (.05 contour intervals).
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b) Wall Mach number distribution.
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c) Wall pressuredistribution.

Figure3-7. Eulerresultsfor case2 heataddition;Mo-l.4
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SHADED REGIONS
DENOTESUBSONICFLOW

a) Nachnumbercontours (.05 contour Intervals).
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c) Wallpressuredistribution.

Figure 3-8. Euler results for case 3 heat addition; Mo-1.4
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,q.

Figure3-g. Velocityprofilesat ramptrailingedge.
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SHADED REGIONS
DENOTESUBSONIC FLOW

\

a) Cd-.0125.

SHADEDREGIONS
DENOTESUBSONICFLOW

b) Cd=.025.

SHADEDREGIONS
DENOTESUBSONICFLOW

c). C_-.o5.

Figure3-10. Effectof artificialdampingon Eulerresults. Mach
numbercontours(.05contourincrement);Mo-I.4,80 x 40 grid,case2
heat addition.
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SHADEDREGIONS
DENOTESUBSONICFLOW

a) 50 x 25 grid.

SHADEDREGIONS
DENOTESUBSONICFLOW

b) 80 x 40 grid.

SHADED REGIONS
DENOTESUBSONICFLOW

c) 100 x 50 grid.

Figure 3-]1. Effect of grid refinementon Euler results. Hachnumber
contours(.05 contourincrement); Mo-1.4, Cd-.025, case2 heat addition.
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Figure3-12. Effectof griddensityon wallpressuredistributions.
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SHADEDREGIONS
DENOTESUBSONICFLOW

a) Mo=].2.

SHADEDREGIONS
DENOTESUBSONICFLOW

b) Mo=l.6

Figure3-13. Machnumbercontoursat variousfreestreamMachnumbers
(.05contourincrement);80 x 40 grid,C_=.025,case2 heat addition.
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SHADEDREGIONS
DENOTESUBSONICFLOW

c) Mo-2.0.

SHADEDREGIONS
DENOTESUBSONICFLOW

d) Ho=2.4.

Figure 3-]3. Concluded.
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Figure3-]4. WallMach numberdistributionsat variousfreestreamMach
numbers;80 x 40 grid,Cd-.025,case 2 heataddition.
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Figure3-15. Wallpressuredistributionsat variousfreestreamMach
numbers;80 x 40 grid,Cd-.025,case2 heat addition.
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Figure 3-16. Comparisonof Euler andcontrolvolumeanalysis thrust
coefficient predictions.
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NOZZLE
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SURFACE

MAINENGINE
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DEFLECTEDCOWL
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FLAMEHOLDER WALLINJECTION

Ftgure 4-1. Combination spraybar-flameholder concept,
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Figure 4-2. Flamestability for a pre-mixed,subsonichydrogen-air
stream (reproducedfrom reference 57).
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Figure 4-3. Flamestability along flight trajectories for a 1" dia.
disk.
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Figure4-4. Non pre-mixed,and supersonicstabilitylimitsfrom
reference59 in termsof Dezubayparameter.
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Figure 4-5. Propulsion SystemsLab Cell 4 after hypersonic
modifications (reproduced from reference 60).
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Figure 4-6. Spraybarmounted in free-jetwith spark ignitorand water-
cooled probe in extended positions.
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Figure4-7. Detailsof pilotedspraybar.
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Figure4-8. Pilotedspraybaroperatingenvelopesat Mach 1.26.
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Figure 4-9. Field of view for optical instrumentation and location of

translatingwater-cooledtotaltemperatureprobe.
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a) Over-expanded, po/p,=.8.

b) On design, po/pa=l.0.

Figure 4-10. Sch]ieren imagesat various free-jet exit pressure ratios;
Po (free-jet exit pressure) held constant at 8 psia.
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c) Under-expanded,po/pa=].2.

Figure4-]0. Conc]uded.



205

1.0

0

.-_ 0.8

d

_ 0.6
rr

m 0.4
ffl

0"20.7 0.9 1.1 1.3 1.5

FREE-JETEXITPRESSURERATIO,po/p=

Figure4-11. Effectof free-jetexitpressureon spraybarbase
pressure;P0 (free-jetexitpressure)heldconstantat 8 psia.
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Figure 4-12. Spraybar base pressure with external burning.
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Figure4-13. Flamestabilityfor pilotedspraybar.
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a) Infra-redimage;pf=250psia, yp=1.0",@_s=.63.

b) Infra-redimage;pf=350 psia,yp=I.2", ¢pxs=.75.

Figure4-14. Plumecharacteristicsat nominaltemperatureand pressure;
Tt,o=540°R,Po=6psia,Re=4.gxlO6/ft.
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c) Totaltemperatureprofiles.

Figure4-14. Concluded.
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a) Infra-redimage; pf=250psia, yp=.72",Cpxs=.58.

b) Infra-redimage;pf=350psia,yp-.85",@_s=.69.

Figure4-15. Plumecharacteristicsat increasedtemperatureand
pressure;Tt,o=g60°R,po=12psia,Re=4.gx10°/ft.
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c) Totaltemperatureprofiles.

Figure4-15. Concluded.
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Figure 4-16. Relation of expansion rampmodelsto vehicle base.
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Figure 4-17. Expansionrampmodeldetails.
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BLACKAND WHITE Pi'-iOTOGRAPH

Figure4-18. Expansionrampmountedin free-jet.
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Figure4-19. Flamestabilityenvelopesfor 26 injectormodel;
4 < Po < 12 psia,50 < pf< 375 psia.
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Figure 4-20. Fuel-off stattc pressuredistributions; configuration 1.
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Figure 4-21. Continued.
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Figure 4-22. Effect of externa] burning on center]ine static pressure
distributions; configuration 1.
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Figure4-23. Schlierenimagesof externalburning(configuration10).
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b) Lowequivalenceratio;pf=250psia,Po=12psia (€_s=.56,yp=.25").

Figure4-23. Continued.
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c) High equivalenceratio;pf=375psia,Po=4psia (¢pxs=1.24,yp=.51").

Figure4-23. Concluded.
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Figure4-24. Totaltemperatureprofiles;configuration1.
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Figure 4-24. Concluded.
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a) Lowequivalenceratio;p_=200psia,Po=12psia (€_,=.51,yp=.22").

b) Mediumequivalenceratio;pf=250psia,Po=8psia (€_s=.70,yp=.30").

c) Highequivalenceratio,pf=375 psia,Po=4psia (€_s-1.24,yp=.51").

Figure4-25. Infra-redimagesof externalburning;configuration1.
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Figure 4-26. Average plumetemperature correlation.
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Figure4-26. Concluded.
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Figure 4-27. Thrust coefficient; configuration 1.
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Figure 4-27. Concluded.
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Figure 4-28. Facility interactions suspected of causing low
performance.
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Figure 4m29. PSL'4 Facility exhaust collector layout.
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distributions;Po-4psia,fuel-off.
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Figure 4-32. Effect of exhaustcollector modification on thrust
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Figure4-33. Plumeboundarysimulatorinstallation;configuration2.
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NON-DIMENSIONAL DISTANCE

Figure 4-34. Gaussian axial heat additiondistributionfunction.
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a) Solid wall boundary, 100 x 50 nodes.

b) Freestream boundary, ]00 x 70 nodes.

Figure 4-35. 2-D Euler grids used to validate use of plumeboundary
simulator.
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a) Solidwall boundary.

b) Freestreamboundary.

Figure 4-36. Comparisonof streamlines, total heat addedcorrespondsto
€€orr'.45, Yo/Yb'-20.
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a) Solidwall boundary.
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b) Freestream boundary.

Figure 4-37. Compar|sonof Hachnumbercontours (.05 contour
Increment). Total heat addedcorrespondsto €=orr-.45, y_/yb-.20.
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Figure 4-38. Comparisonof wall pressure distributions, total heat
addedcorrespondsto €©orr=.45, yO/Yb-.20.
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Figure 4-39. Effect of plumeboundarysimu]ator on centerline pressure
distributions.
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Figure 4-39. Concluded.
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Figure 4-40. Total temperatureprofiles with plumeboundarysimulator
tnstal]ed; configuration 2.
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Figure 4-42. Grid usedto evaluate effects of free-jet boundary(100 x
80 nodes).
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Figure4-43. Fuel-offEulerresultswithfree-jetboundary.



249

0.3

EULERFUGHT)

• _._.._-'-'_

o" 0.2 _. - FREE-JET)

._ CONTROLVOL (2-D)
_ _ eem em mm o

_ eee _ oooooooooo •

o.1 _.-

8 _, , co,_vo,.(,,_0 '

"
"°%:2-"0.4 0.6 0.8 1.0 1.2 1.4

EQUIVALENCERATIO, ¢

Figure4-44. Effectof free-jetboundaryon calculatedexternalburning
thrustcoefficient.



250

SHADED REGIONS
DENOTE SUBSONICFLOW

\

a) Flight boundary.

SHADEDREGIONS
DENOTESUBSONICFLOW

I

. b) Free-jet boundary.

Figure 4-45. Comparisonof Machnumbercontoursat low heat addition
correspondingto €©orr=.25,yo/Yb-.20.
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b) Free-Jet boundary.

Figure 4-46. Comparisonof Math numbercontours at low heat addition
corresponding to _©orr-.66, yo/Yb-.20.
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Figure 4-47. Comparisonof Hachnumbercontours at htgh heat addition
corresponding to €©orr-1.38, Yo/Yb'.20.
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Figure 4-48. Results for 56 injector model;configuration 3.
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Figure 4-48. Concluded.
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Figure4-49. 26 injectormodelwithupstreaminjectionand
flameholding;configuration7.
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Figure4-50. Resultswith upstreaminjectionand flameholding;
configuration7
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Figure4-50. Concluded.
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Figure 4-51. 26 injector modelwith leading edge extension installed
(flameholder not installed).
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Figure 4-52. Effect of leading edge extension and upstream injection
(configurations 2 and 8).
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Figure 4-52. Concluded.
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Figure4-53. I/4"serratedflameholder;configuration10.
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Figure 4-54. Resu]ts with 1/4" serrated flameholder; configuration 10.



263

FUEL FREES'I'REAM CORRELATED
PRESSURE, PRESSURE, EQUIVALENCE

Pf Po PATIO,
(psia) (psia)

[] 250 12 _9

> 375 8 .64
/_ 375 4 1.30

4

1-

-2 ._\\ _\ \\ \\\\ \\\\\\

_-4
W
.-r

-6 0 1000 2000 3000 4000 5000

TOTALTEMPERATURE,Tt • (deg.R)

b) Totaltemperatureprofiles.

Figure4-54. Concluded.
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Figure4-56. Continued.
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Figure4-57. Uppersidewallinstallation(baselineflameholdershown).
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Figure 4-58. Effect of upper sidewalls on configuration 10 performance.
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Figure 4-58. Continued.
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d) Comparisonof thrust coefficients.

Figure 4-58. Concluded.
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Figure 4-59. Expansionrampflameholding, all flameholder
configurations.
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a) Thrust coefficient.

Ftgure 4-60. Demonstratedperformancefor configuration 10.
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0 Isp BASEDON MEASUREDFUEL-OFFTHRUST

[] Isp BASED ON PRANDTL-MEYEFIEXPANSION

b) Specific tmpulse.

Figure 4-60. Concluded.
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